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Oilwell cement plays an important role either to seal-off the casing or to isolate
the formation layers from the fluids infiltration thatmightcause a wellbore damage. A
cautious evaluation of cement after displacement is coming to be crucial to secure the
long-term durability and integrity of wellbore. This work in turn is focused on the
utilization of electrical properties for predicting the permeability and compressive
strength of oilwell cement.
At present work, an electrical impedance measurement has been usedto detectthe
conductivity evolution of oilwell cement during early hydration. It was then followed
by an examination towards the potential existence of interface conductivity along with
its effects on various water cement ratios, curing temperature, and also pressure. In
analyzing the interface conductivity, the evaluation of the electrical responses in the
form of conductivity dispersion characteristics has been done. Together with porosity
data, conductivity data consisting of bulk and pore solution conductivity were
examined to study several composite conductivity models to describe certain changes
in the electrical conductivity ofoilwell cement system.
Several empirical equations for predicting the permeability and compressive
strength of oilwell cement based on its electrical properties response have been
proposed. To validate the result, the proposed equations were experimentally
compared to other cement samples with different water cement ratios and curing
conditions. A comparison has also been made to the equation proposed by Katz-
Thompson and Johnson's and also data from literatures. A good agreement between
the proposed equation and measured data then shows that it is feasible to obtain the
cement's strength and permeability in situ using bulk and pore solution conductivity.
Permeability and compressive strength in mature stage, furthermore, canbe predicted
by the proposed equations.
vn
ABSTRAK
Simen telaga minyak memainkan peranan yang penting sama ada untuk
mengukuhkan selongsong atau untuk mengasingkan lapisan bawah tanah dari
penyusupan air yang mungkin menyebabkan kerosakan telaga minyak. Permerhatian
yang teliti adalah penting terhadap simen selepas dipam pada kedudukan yang di
sasarkan untuk menjamin ketahanan jangka panjang dan integriti telaga minyak.
Fokus kajian ini tertumpu kepada penggunaan arus elektrik dalam meramalkan
kebolehtelapan dan kekuatan mampatan simen telaga minyak.
Berdasarkan kajian saat ini, ukuran elektrik impedans telah digunakan untuk
mengesan evolusi kekonduksian simen ketika awal penghidratan. Kemudiannya
diikuti dengan kajian ke atas potensi konduksi dengan kesan pada kepelbagaian
nisbah simen terhadap air, suhu pengawetan dan tekanan. Dalam menganalisis
konduksi permukaan, penilaian terhadap tindak balas elektrik dalam bentuk ciri-ciri
penyebaran konduksi telah dijalankan. Bersama dengan data keliangan, data
kekonduksian terdiri daripada campuran pukal dan liang dianalisis dengan mengkaji
terhadap beberapa model komposit untuk menentukan sebarang perubahan di dalam
kekonduksian elektrik bagi sistem simen telagaminyak.
Beberapa persamaan empirikal telah dicadangkan untuk meramal kebolehtelapan
dan kekuatan mampatan simen telaga minyak berdasarkan kepada sifat elektrik. Bagi
mengesahkan keputusan, persamaan yang dicadangkan telah diujikaji dengan
membuat perbandingan dengan sampel simen lain dengan menggunakan kepelbagaian
nisbah air terhadap simen dan juga keadaan pengawetan. Perbandingan juga telah
dilakukan dengan menggunakan persamaan yang telah dicadangkan oleh Katz-
Thompson dan Johnson dan juga data daripada kajian terdahulu. Daripada kajian yang
dijalankan, dapat disimpulkan bahawa persamaan yang dicadangkan dan data yang
diukur menunjukkan ia sesuai untuk menilai kekuatan dan kebolehtelapan simen
dikedudukan tertentu menggunakan kekonduksian campuran pukal dan liang.
vm
Tambahan pula, kebolehtelapan dan kekuatan mampatan di peringkat matang boleh
diramalkan dengan menggunakan persamaan yangtelah dicadangkan.
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This chapter begins with a general introduction of oilwell cement evaluation and its
current development. The chapter continues with exploring the background, problems
statements, objectives and contributions,and scopes of this study.
1.1 General
The application of cement system has been used through many fields including in
oilwell cementing. In a wellbore, suchcementing operations are performed to achieve
a complete and permanent zonal isolation in which the cement sheath must prevent
any fluid circulation (gas, oil, water) between different rocks layers. A good quality in
cementing operation will confirm the long-term wellbore integrity of wells.
Conversely, a failure of cementing during operation may lead to secondary cementing
procedure which, as a consequence, might impose a huge expense in particular money
in term of loss time, material and recovery.
Besides supporting the casing, preventing erosion in a cement job, in this case, by
stopping the circulation of drilling fluids outside the casing comes to be very
important. In this case, a surface of the casings must be cemented to seal off and
protect water formations and to help support deeper casing strings. Cementing the
intermediate strings is purposely to seal off several abnormal pressure formations,
isolate incompetent formations, and shut off lost-circulation zones. Furthermore,
production strings are cemented to prevent the migration of fluids in the annulus and
also to ensure a zonal isolation. Cement also provides some corrosion protections to
all the casing strings. Hence, an accurate selection in the methods of evaluation based
on the objective to be reached, as a response, is a must.
One of the main challenges during cementing operation is to monitor the changes
of cement's physical properties after displacement. These changes must be carefully
monitored under an evaluation towards a cement job to ensure the integrity and
durability of the well's life. This evaluation is aimed to check whether the cementing
objectives have been reached after the job performance. The evaluation of the cement
will be much more efficient if the objectives have clearly been defined.
Methods for cementing evaluation are initially performed either by testing the
hydraulic isolation or by locating the top of the cement. These methods, however, are
unable to detect the micro-annuli channeling between casing-cement and cement-
formation. The developments of cementing evaluation logs by means of acoustic and
ultrasonic properties have been intensively adopted in detecting the cement's physical
properties. In fact, these techniques still have limitations to be applied in detecting the
cement's inter-pores channeling due to its densitybasedprinciples.
Regarding the cement's physical properties, there is an indication that several
significant changes may still exist in the electrical properties of cement after the
cement displacement. Its electrical properties, in this case, are dependent on its
interconnected pore network filled with water containing mobile ions. Therefore, the
continuous evolving network of pores governs the physical properties of displaced
cement as well as detecting potential of micro-channeling, porosity, permeability,
creep, and compressive strength. These interdependencies refer to a key to develop
some representative predictive correlations for the permeability and compressive
strength of well cement.
An investigation towards electrical response as an effect of water cement ratio
changes, elevated curing pressure and temperature is required in order to have
representative data for cementing evaluation. In turn, this study has been designed to
deliver a laboratory investigation towards the electrical properties of oilwell cement
by considering the effect of water cement ratios, elevated pressure and temperature.
Here, an attention has been made to take into account the interface phenomenon and
its magnitude contribution to the bulk conductivity. The main goal of this thesis is to
develop a set of correlations for the prediction of permeability and compressive
strength1 ofoilwell cement as a function ofits electrical properties.
1the term strength will be used further for simplicity representing the compressive strength
1.2 Background of Research
Electrical properties becomes the important parameter in characterizing the
cementitious materials as compared to several existing techniques that allow for
investigating the evolution of the pore structure of cement-based materials [1, 2]. The
development on the testing methodology has beenimproved withthe advancement of
electrical impedance spectroscopy that makes possible to study the microstructure
evolution and those related to physical properties such as porosity and permeability
[3-9]. Anelectrical method has several advantages over other the methods in terms of
its noninvasive and nondestructive measurements and its capability in sampling the
microstructure in-situ without any water removal, usually by heating, which
recognizably can damage the cementmicrostructure permanently.
Archie [10] initially introduced a relationship between electrical attributes and
some physical properties of reservoir rocks. The Archie's law describes an electrical
behavior in sedimentary rock as a function of porosity, water content, cementation
factor, and fluid conductivity. In the cement system, the electrical conduction via
mobile ionic in common is transported through a continuous interconnected pore
solution that contains several types of electrolytic ions. In addition, it has conductivity
value ranging from 1 to 20 S/m compared to the matrix of cement systemthat has low
conductivity that is approximately 10"9 S/m [6]. This phenomenon is interesting to be
studied because it is related to the developmentof inter-connected pores, pore volume
and bonding particles.
Furthermore, electrical properties are so sensitive to the complex factors that
might create certain differences in the microstructure development of cement system
such as in water cement ratios, curing conditions, chemical composition of cement
and other factors which can change the hydration process. In that way, the
microstructure changes such as pore volume and pores connectivity can be monitored
by electrical information as a function of hydration time. These interrelationships, in
essence, are the major interest in achieving a comprehensive understanding towards
the evolution of the microstructurein place under reservoir conditions.
The application of electrical methods to the cementitious systems can be traced
back to the early part of the 20th century as noted by McCarter [1]. However, the
progress was relatively slow until the early 80's where the testing methodology
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significantly improved especially in the instrumentation through the development of
sophisticated electrical impedance analyzers which are also the focus of this study.
Zhang et al. [7] used certain electrical and ultrasonic methods to interpret the
hydration process of the cement-based materials, in this case by focusing the study on
detecting the setting and hardening behaviors during the first 7 days of hydration
process. Four stages of hydration process were identified by utilizing the critical
points on resistivity and ultrasonic curves. To eliminate the contact effect generated
by electrode-cement interface which might cause a polarization effect, the authors
then employed a non-contacting resistivity measurement.
Neithalath et al [8] investigated a relationship between an electrical conductivity
and microstructural parameters of cement pastes and concretes containing several
cement replacement materials. It was shown that the dependency of electrical
conductivity to the pore volume reduction and the pore connectivity was significant.
The authors explainedthat this interrelationship using GEM theory was a combination
of an effective medium and several percolation theories. The characteristic exponent
in the proposed equation, which was used as a fitting parameter, depended on the
conductingphase geometry and connectivity.
Revil and Glover [11], on the other hand, proposed a model describing the surface
conductivity. The model was based on the description of surface chemical reactions in
which the processes of electrical diffuse layer were dedicated for the condition of
diffuse layer thickness that were smaller than the local radius of mineral surface and
its pore size. The authors in that case restricted the model to the case in which the
electrical diffuse layer thickness was smaller compared to (a) the local radius of
mineral surface, and (b) the pore size. The result of the model showed that the
electrical surface conduction had both the dependency on electrolyte concentration
and pH and the nonlinear relationship to the effective conductivity. In the cement
system, Friedmann et al. [12], meanwhile, showed the results of electrical double
layerphenomena occurredin the cement's gel pores rather than in capillarypores.
Most of the previous works were performed in the atmospheric conditions
whereas, when dealing with oilwell cementing operation, the influence of elevated
pressure and temperature should be taken into account. Furthermore, the interface
conductivity and electrical dispersion characteristics were needed to be studied in
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some detail as it may correlate to the physical properties of well cement - especially in
the elevated conditions.
1.3 Problem Statement
An accurate identification and detection of the well integrity of cement after
displacement is important to determine whether the cementing job has fulfilled its
requirements. The involvement of certain major cementing evaluation tools are
intended here to confirm that the cement has provided an adequate zonal isolation and
ensured the good cement bonds either between the casing and cement or between the
formation and cement. Failure to do so will affect on cementing operation and, as a
result, a remedial cementing job, which is expensive and time-consuming, must be
performed.
Consequently, an appropriate selection towards cement evaluation techniques is
required to achieve the clear understanding of both physical and mechanical
phenomena of a displaced cement system by still concerning the hydration times. The
well known cementing evaluation tool is a cement bond log, which is used to confirm
the good bonding quality either between the cement and the formation or between the
cement and the casing. In this case, the tool works on an acoustic principle, transmits
a signal or a vibration and receives that signal and records its arrival time. Both the
arrival time and the amplitude of the vibration are used to determine bonding
conditions. Although it has been widely used, some phenomena related to the inter-
pores fluids channeling may not be accurately detected from its density based
principle [13-15].
Furthermore, a channeling of the inter-pores fluids may occur in the early stages
of cementing operation. It is tightly related to the slurry that develops insufficient
strength to prevent fluids migration into the cement column. The effects are
multistage then at which in the short term it may exhibit gas blowout and damage the
wells and in the long term it may deteriorate cement integrity and durability.
Additionally, the strength is deemed important because a certain minimum strength is
required before drilling operation can be resumed. Hence, early detection of strength
and channeling becomes a top priority and may be detected and quantified by an
electrical impedance method by an appropriate proposed correlation.
An electrical impedance technique has been rapidly developed and widely applied
in composite material characterization in particular to cement-based system. Many
attempts have been made to investigate the microstructure properties of cement
system for certain purposes in construction such as building, road and bridge. [3,4, 6-
8]. However, its application into well cement still has less attention, especially during
early hydration.
In an oilwell cementing application, there should be a good consideration to the
effect of elevated pressure and temperature on electrical properties in that the
temperature changes tends to accelerate the hydrationmechanism and simultaneously
the varying pressure will decreasing pores radius and connected pores. These
interdependencies, therefore, should be carefully investigated to have the good
representative data of both electrical impedance measurements and conductivity
dispersion phenomena.
As such, the previous resulting correlations between electrical attributes and
physical properties of cement material at atmospheric condition are not fully
applicable for oilwell cement system at which elevated pressure and temperature are
imposed. In response, some modified or new correlations must be introduced for
better prediction of cement's physical properties. Furthermore, as cement hydration
proceeds, the pore solution conductivity may not solely contribute to the overall
conductivity due to the presence of interface conductivity - especially at the elevated
pressures and temperatures. This condition may exist due to the effect of electrical
double layer (EDL) on the interface of pore solution and solid grain.
EDL contributes dominantly in low water saturation degree, pore solution, and
pore geometry. Therefore, as cement hydration proceeds with time, the conductivity
measurement of the cement should incorporate the interface conductivity. The effect
of EDL on electrical properties of cement depends on the ratio of interface surface
thickness to the pore radius. If the pore radii are small, the double layer can touch
each other and may prevent the motion of anion as well. The ion motion, in addition,
is undisturbed if pore radii are large [16]. A clear understanding for this will answer
the magnitude of interface conductivity and its contribution to the effective
conductivity of the well cement.
1.4 Objectives and Contributions of Research
This research attempts to correlate the electrical attributes of well cement to its
physical propertiesevolution. The majorobjectives of this work are as follow.
1. To identify the conductivity dispersion phenomenon and quantify the
magnitude of interface conductivity and its contribution to the bulk
conductivity.
2. To establish the water cement ratios, curing temperature and pressure
interrelationship and its effect to electrical conductivity.
3. To develop a set of correlations for the prediction of the permeability and
strength of oilwell cement by means of its electrical properties.
In accordance with the objectives above, this work is expectedly intended to
enrich the knowledge on the topic through the following main contributions.
1. The laboratory investigation of electrical conductivity of oilwell cement
performed under elevated temperature and pressure at different water
cement ratios provides more reliable predictive correlations.
2. The potential existence of interface conductivity as contributions of
temperature, pressure and water content can be obtained by the aid of
cement particle expansion model.
3. The investigation of a cement microstructural interrelationship to electrical
properties may provide some correlations in extracting permeability and
strength that might provide certain alternative ways for cementing
evaluation.
4. The electrical impedance technique for oilwell cementing evaluation is a
new alternative technique to monitor the cement microstructure evolution
in-situ.
1.5 Scopes of Study
In the following are the scopes of study:
1. Cement class G HSR with water cement ratios of 0.25, 0.3, 0.4, 0.5, and
0.55 which is standard cement used in oilwell industries.
2. Electrical impedance measurements using CoreTestSystem Autolab in the
ranges of frequency from 0.2 MHz to 1 Hz.
3. Cementhydrationis conditioned for all measurements up to 24 hrs.
4. Curing conditions are set to achieve pressure of 3000 psi and temperature
of 65°C that correspond to the depthof 5000ft.
5. Cement pore solution extraction using Farm HPHT API filtration press and
its conductivity measurement uses conductivity meter.
6. No additive in the cement formula with an assumption to have a good
cementing job without any contamination by the drilling mud and fluids
formation.
7. Cement's compressive strength, permeability, and porosity are measured




This chapter provides a discussion on an oilwell cementing operation started from
primary cementing design, effect of elevated temperature and pressure, API cement
classifications and potential failures in cementing job. This is then followed by a
review on the process of cement hydration and the associated constituents in the
system. The discussion is ended with a review of cementing evaluation operations.
Still as a continuance of this chapter, a review about the background of electrical
impedance spectroscopy along with its advantages and limitations over several
conventional methods is presented as well. This chapter subsequently is finalized by
introduction of the electrical impedance phenomenon and its implications to
composite materials as well as some common features within impedance
measurementsrelated to its permeability and strength properties.
2.1 Oilwell Cementing
Cementing operation is an important process in wellbore applications and used
thoroughly worldwide. It should date back in 1903 when Frank F. Hill [17] ceased the
operation of down-hole water using 50 sacks of Portland cement in California. This
became an accepted practice for other California fields wherever difficulties were
encountered. In 1910, A.A. Perkins [17] developed a two-plugcementing method that
later has become the foundation of the development of modern oilwell cementing
methods.
In wellbore, cement commonly is used in drilling and completion operations by
placing it in an annulus. This process is performed by first drilling the borehole to a
desired depth, continued with the removal of drill pipe and running thecasing into the
well until reaching the bottom of the well. Before commencing the cementing
operation, the drilling fluid is used to remove the formation cutting remained in the
wellbore. Then, the cement is pumped through the borehole and pushed upwards
through the annulus. In this case, sufficient strength and bonding should be well
developedto secure and support the casing and formation in the hole.
2.1.1 Primary Cementing
After the casing has been run into the hole, the first cementing operation takes place
immediately in placing a cement sheath in the annulus between the casing and the
formation. This operation is called primary cementing. Figure 2.1 illustrates a typical






Figure 2.1 Illustration of typical cemented oilwell
The objective of the primary cementing is to provide a complete and permanent
zonal isolation within the wellbore. This means that the cement sheath functionally
must prevent any fluids circulation (gas, oil, water, etc) among different formation
layers; specifically once the drilling fluid has been completely removed and replaced
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by the cement slurry. In brief, the good mud removal and cement placement are very
important to prevent a poor bonding quality which may cause gas channeling [18].
The other objectives of primary cementing are simultaneously to support and
bond the casing to the formation and to protect the casing from corrosion. In response,
the cementing operation must be designed to:
• restrict formation fluid to the wellbore,
• prevent these fluids to migrate among formation layers,
• ensure the control of well pressures encountered,
• prevent the contamination of freshwater, and
• withstand the casing.
Being failed to achieve these objectives may lead to reduce productivity. In the
worst case, it may damage the well due to poor cementing condition. Burdylo and
Birch [19] have identified several problems encountered in a poor primary cementing
job:
• the well will never reach its full production potential,
• subsequent efforts to repair the cementing job may actuallyend up causing
an irreparable damage to the formation,
• lost reserves,
• lower production rates,
• stimulation treatments may not be able to be confined to the producing
formation,
• difficulty in confining secondaryor tertiary fields to the pay zone,
• aquiferand reservoir damage from potential cross-flow,
• potential contamination ofaquifers utilized as a resource.
Normally, once the primary cementing is failed to achieve its objectives, there
will be a need to execute a remedial cementing operation. This is a basic operation
that consists of two techniques, those are squeeze cementing and cement plugs [19]. It
is performed by forcing cement slurry under pressure through holes or splits in the
casing/wellbore annular space. Some challenges might occur such as in determining
the appropriate position of cement failure or in assuring whether uniform filter cake
has been formed. Therefore, representative evaluation tools, further discussed in
Section 2.3, must be carefully conducted.
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2.1.2 Effect of Curing Temperature and Pressure
Temperature and pressure in oilwell cementing operations are not similar to those in
the general civil applications. The cement slurry during pumping may experience an
elevated temperature (bottom hole circulating temperature) as high at 180°C. The
pressure, meanwhile, may be at 22,000 psi consisting of hydrostatic load andpumping
pressure, dependent on the geological formation and depthof the wells [20].
The effect of the elevated pressure and temperature on cement system, for some
reasons, is manifold. Firstly, it may increase the hydration rate due to the accelerated
consumption of Calcium Silicate (CS). Secondly, due to the acceleration of cement
hydration, it may lead to enclosure of the cement grains by a product layer of low
porosity, which will retard or prevent further hydration [20]. This has been confirmed
in the latest research [21] on cement paste cured at 85°C exhibiting a less uniform
microstructure due to a number of the clustered hydration products around the
anhydrous grains. The role of this clustered hydration products acts as a barrier to
continue the hydration and also to retard the diffusion process of the reagents. As a
result, there will be no any ettringite (a hydrated calcium sulfoaluminate) appearing in
the hydration products - not only leading the material product to be weaker in
strength, but also making porosity and permeability higher compared to the similar
water cement ratio and degree of hydration at identical curing periods.
The cement paste cured in temperature of about 70°C (or above) will modify the
reaction of the aluminates andsulfate phases which cangenerate microcracking due to
the delayed ettringite formation [20, 22]. It should be noted that the contribution of
elevated temperature comes to be more significant than that of pressure to influence
the hydration kinetic and physical properties of cement paste [20, 23]. The increases
of temperature will accelerate the hydration rate as an effect of the heat increase
liberated bythe cement paste. This thenmakes the strength; grain surface areaand gel
water increase rapidly to its maximum values and then drop markedly. This drop is
caused by the increase in the size of the particles of the reaction products [23].
Meanwhile, another author stated that this is related to the increased size of the
crystals of the hydratedsilicate [20].
On the other hand, the elevated pressure has less significant by which it causes
slight increases in the hydration rate and surface area [22]. Undergone by meanof the
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pressure, the elevated pressure during hydration process consolidates the structure of
cement slurry and ceases the expansion of the entrained air in the slurry. Hence, the
mixed cement particles and water, as the setting occurs, will experience a decrease in
volume and also accelerate the rate of hydration.
2.1.3 American Petroleum Institute Classification
Because Portland cement was not applicable to be used in the wellbore conditions
(elevated pressure and temperature); American Petroleum Institute (API) in response
established the first committee to study cements in 1937. The first standard of
recommended practicewas published in 1952 and also has been periodically modified
until present in which 8 classes of oilwell cement have already been resulted so far
[17]. The classification itself was based on the depth, temperature, and pressure to
which they experienced to. Additionally, they were listed in the API standards 10A
Specification for cement and materials for well cementing dated April 2002 [24].
Tables 2.1 and 2.2 present the slurry requirement and strength specification for each
class of API cements.
The descriptions of the API cement classifications are presented as follows:
Class A: Intended for use from surface to 6,000 feet when special properties are not
required. It is similar to ASTM (American Society for Testing and Materials) Type I
construction cement.
Class B: Intended for use from surface to 6,000 feet when conditions require a
moderate or high sulfate-resistance. It is available in both moderate sulfate-resistant
and high sulfate-resistant types. It is similar to ASTM C 150 (Type II).
Class C: Intended for use from surface to 6000 feet when conditions require high
early strength. It is available in ordinary, moderate sulfate-resistant and high sulfate-
resistant types. It is similar to ASTM C 150 (Type III).
Class D: Intended for use from 6000 to 10000 feet under the conditions of moderately
high temperatures and pressures. It is available in moderate sulfate-resistant and high
sulfate-resistant types.
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Class E: Intended for use from 10000 to 14000 feet under conditions of high
temperatures and pressures. It is available in moderate sulfate-resistant and high
sulfate-resistant types.
Class F: Intended for use from 10000 to 14000 feet under conditions of extremely
high temperatures and pressures. It is available in moderate sulfate-resistant and high
sulfate-resistant types.
Class G and H: Intended for use as the basic well cement from surface to 8000 feet.
These can be added with additives to overcome a wide range of depths and
temperatures.



























Minimum strength Minimum strength
at 8 h ±15min (psi) at 24 h ±15min (psi)
A 38 14.7 250 1800
B 38 14.7 200 1500
C 38 14.7 300 2000
D 110 3000 500 2000
E 143 3000 500 2000
F 160 3000 500 1000
G 60 14.7 1500 norequirement
H 60 14.7 1500 norequirement
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2.1.4 Potential Failures in Cementing Job
Failure in mechanisms in terms of time can be divided into two. The first failure is
related to the occurrence during or after primary cementing and the second one is
from days to months and years after cementing processes.
Watson et al. [18] stated that major problems occurred during or after cementing
operation were the invasion of fluids through the cement matrix during waiting on
cement (WOC). It might affect the high annular pressure at the surface, poor zonal
isolation and blow-outs if not properly prevented. In the early hydration, they added,
the gel strength development of the slurry was responsible for the migration process
as it had changed from a liquid to solid. This changes in some literature are known as
transition time as illustrated in Figure 2.2. According to Figure 2.2, it illustrates that
when the hydrostatic pressure of the liquid phases matches the formation pore
pressure, there is a risk of gas migration of formation fluid influx. A short critical
hydrationperiod limits migration of contaminants into the cement slurry [25].
Meanwhile Duguid [26] suggested that in common there were two possible paths
of fluids to migrate in the wellbore. The first path was where fluids migrated through
an annulus at the interface between the cement and the formation, and between the
casing and the cement. The second one was through the pores of pathways of the well
cement. Figure 2.3 illustrates these mechanisms.
Degree of Hydration
Start of Start of
Cement start °' Transition Setting
Job Gelation -rjme Time Hardening
























Figure 2.3 Illustrationof fluids migration through (A) annulusat the interface
between casing and cement, (B)damaged casing andmigrating upward inside the
well, (C)annulus at the interface between cement and formation, and (D) connected
pores of the well cement [26]
It is found that the potential occurrence of fluids migration may be prevented by
carefully designing the cement system that has met the designated requirement based
on the well conditions. Among these requirements are accurate slurry density design,
preventing excessive filtration loss, and free water, and short transition period of gel
strength development. Moreover, proper mud removal and good casing cement bond
should be well treated to support the aforementionedrequirements.
Although it may be prevented, the actual conditions of cement after displacement
must be evaluated in such a way that potential fluid migration can be detected. This
not only can save extra expenses but also can make remedial cement job able to
perform immediately. The well known detection tools for cementing evaluation are
cement bond logs and acoustic log. They function well in detecting the bonding
quality in the interface between cement-casing and cement-formation. However, they
maynot be able to detect and quantify the inter connected pore in the cement matrix
due to its limitationof densitybasedmechanism[13-15].
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2.2 Hydration of Cement
Hydration of cement refers to a process in which the water-cement mixture is
converted into the corresponding hydrates in the form of a stone-like material once
the cement powders have been mixed with water. The chemical reaction taking place
in cement hydration commonly is more complex than the simple conversions of
cement powder into the solid materials. During a hydration process, both mechanical
and physical properties change constantlyalong with the chemical reactions.
The major compounds in the cement clinker include tricalcium silicate
(3CaOSi02), dicalcium silicate (2CaOSi02), tricalcium alumina (3CaOAl203), and
tetracalcium aluminoferrite (4CaOAl203-Fe203). In cement chemistry terminology,
these compoundsare abbreviatedas C3S, C2S, C3A and C4AF, respectively. Typically,
the percentage composition of Portland cement consists of 50-70% C3S, 15-35% C2S,
5-10% C3A, and 5-15% C4AF [20]. These reactions along with hydration process may
be represented in the form of degree of hydration which mainly depends on cement
compositions and curing conditions. In turn, each compound has a specific
contribution to the development of both physical and mechanical properties of cement
system.
The degree of hydration (a) presents the ratio between the amount of cement that
has reacted or has been dissolved at time t relative to the original amount of cement. It
is a term that describes to what extent the hydration process has proceeded. Reports
[6, 20] found that the strength could be related to the amount of the hydrated cement
in the form of linear relationship. Meanwhile, it has also been confirmed [27] that
strength of well cement has a linear relationship to hydration rate from Thermo
Gravimetric Analysis (TGA) measurement from different water to cement ratios as
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Figure 2.4 Linear relationships between compressive strength and degree of hydration
at different water to cement ratios ofClass G cement [27]
The strength and degree of hydration relationship simply related to the amount of
strength achieves to that of the total (maximum) strength evolved for a 100% reacted
sample. The degree of hydration as a function of time a^ here has been calculated
through the Byfors equation [28]:
«(t) = So
(2.1)
where S is the cumulative strength evolved and S0 is the maximum theoretical strength
of cement at complete hydration.
The number of S0 is dependent on water to cement ratios and obtained by
correlating strength and porosity based on the Hasselman [29] model in the form of
linear relationship as follows:
S = S0- b(j) (2.2)
where S is the strength, S0 is the strength at zero porosity, <j) is porosity, and b is an
empirical constant.
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2.2.1 Calcium Silicate Hydrate (C-S-H)
In the hydration products calcium silicate hydrate is a major component occupying
about 50 to 70% [20]. It is also the most importantphase in determining the properties
of the cement and significantly contributes to the strength development [6]. This
phase is formed as the reaction of C3S resulting in a particular variety of C-S-H,
which is a generic name for any amorphous or poorly crystalline calcium silicate
hydrate [20]. The dashes in "C-S-H" indicate that there is no any specific composition
implied.
Although being poorly crystalline which is nearly amorphous and small particle
with indefinite morphology and high surface area, C-S-H forms a continuous layer
that bounds the original cement particles as one into a cohesive structure. The inter-
layer bonding here is dependent on water to cement ratios, curing temperature, and
additives.
Besides this dependent variable, the interlayer binding process is also affected by
the ratio of CaO to Si02 (C/S ratio). Normally, the C/S ratio is approximately from
1.5 to 2.5 in height, depending on water cement ratios, present of admixtures and
hydration temperature [20]. However, because of the variability in stoichiometry, the
C-H-S interlayer may be buckled and does not fit together neatly. This, as a
consequence, might form an irregular size and some shape of spaces between the
sheets layer - known as the gel pores.
To comprehensively understand the physical and mechanical properties of C-S-H,
which may represent the cement itself, it relies heavily on an interaction between the
surface of the solid and water. The water in the C-S-H ranges from capillary water in
the macro-pores to gel water in the micro-pores, in which both are normally
electrically conductive. By this electrical conduction, it might be possible to describe
and characterize the microstructure development using its electrical properties data.
The gel water is more dominant to keep the layers apart with a disjoining
pressure. As a consequence, when this water is reduced due to the drying mechanism
or even the partial drying of C-S-H, it can impart a permanent physical damage to a
gel microstructure [20].
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2.2.2 Calcium Hydroxide (CH)
Calcium hydroxide (portlandite) occupies about 10-35% of the volume of hydrated
cement [20]. It forms from C3S and to lesser extent C2S. With its well-defined
stoichiometry, calcium hydroxide then forms as crystals with a wide range of shapes
and sizes, depending on the free space available for growing.
Apart from C-S-H, calcium hydroxide gives less contribution to the strength and
permeability of the cement due to the total pore volume that has been reduced by
converting some of the liquid water to be solid. Furthermore, as CH crystal is soluble,
it then can leach out of the microstructure leaving large pore volume; generate a
number of open channels for the entrance of aggressive fluids [20], increasing
porosity, and permeability and also reduce strength making the cement more
vulnerable to a chemical attack. However, calcium hydroxide, once dissolved into
pore solution, may give a pH in excess of 13. In addition, the present of CH crystal
can minimize the amount of shrinkage occurred in a dried cement [30].
2.2.3 Calcium Sulfoalummates
Calcium sulfoalummates (CS) occupies about 10-20% of the mature cement [30].
Similar to gypsum admixture, calcium sulfoalummates, formed from the reaction of
the aluminate, ferrite and sulfate phases with water, have less contribution to the
engineering properties of cement. Sometimes, gypsum admixture is added to retard
the premature setting due to a very fast reaction. The ettringite (C6AS3H32) is formed
as a result of C3A (about 5-10%) and C4AF (about 5-15%) [20] reaction with gypsum
which then forms the needle-shaped prismatic crystals. In Portland cement, ettringite
(due to being metastable) reacts with C3A and transforms to the monosulfate hydrate
(C4ASH18) in the form of hexagonal-plate crystal [20].
2.3 Cementing Evaluation Job
After the cement slurry has been displaced into wellbore, it is normally checked by
using cementing evaluation tools. The main aim of using this tool is to check whether
the objectives have been reached after displacing cement although the design and
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execution in the cementing process have been well prepared. Therefore, a clear
understanding of the objectives of the cement job becomes to be crucial if
representative quality of cement evaluation jobs is needed to be employed. Otherwise,
there will be no evaluation of cement job if the objectives are not clear. Some of the
commonly techniques used in the cement evaluation job will be discussed in the next
section.
2.3.1 Hydraulic Testing
Hydraulic testing, once primary cementing has been done, is used to assure an
effective zonal isolation. It is strongly related to the hydraulic bonding which provides
an adequate mechanical support to hold the pipe in place. Good hydraulic bonding
blocks the migration of fluids in a cemented annulus and an evaluation mechanism
therefore will be done by applying pressure at an interface between cement and
casing. Dry and pressure testing become the two major techniques used to evaluate
the degree of isolation provided by the cement job.
Dry testing is aimed to provide a good cement seal in wellbore particularly at the
top of a liner [31] by ensuring that there is no change of downhole pressure due to a
formation of fluids invasion during the opening of the downhole valve. While in
pressure testing, additional pressure is exerted in the internal casing shoe which is
larger than the expected pressure in the resuming drilling. A poor cement job is
suspected when the casing shoe does not hold this pressure. However, these
techniques may impair or induce the wellbore system due to the release of its high
pressure.
2.3.2 Temperature and Noise Logging
Temperature testing works are based on the detection of the released temperature
from the exothermic reaction during cement hydration. The increasing temperature, as
a result, induces a deviation from the normal temperature gradient. It is used mainly in
determining the top of cement and detecting the leaks and channeling in the interface
between cement-casing and cement-formation. The test performance, furthermore, is
determined by many factors such as annular thickness, heat conductivity of formation,
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cement composition, additives, and long cement column by which these factor may
botherthe detection of temperature changing.
The noise log, meanwhile, is intended to detect noise caused by flowing gas,
water, or oil behind the casing. From this tool, an indicationof fluids flowing with its
potential magnitude problem can be obtained. During performance, it is highly
determined by the static noise measurement and, as consequence, it is found to be
difficult to detect any flowing fluids in formation-cement or cement-casing if the tool
moves continuously [31].
2.3.3 Acoustic Logging
Cementing evaluation using acoustic signal is the most widely used to locate the
cement behindcasing, that is by transmitting a signal or a vibrationto the surrounding
environment of well and by recording its amplitude and arrival time [15]. At this
point, both the amplitude and arrival time are interpreted to ascertain the quality of
bonding. A qualified bonding between cement-casing and cement-formation is
reflected by a good acoustic coupling. However, because of the lack of reliable
relationship between the acoustic signals and surrounding well isolation, this method
requires a clearer understanding of the well, formation, and casing data and also the
history of the previous neighbor wells.
The well known tool used based on the acoustic method is the cement bond log
also known as CBL. It was initially developed in 1959 for induction and sonic logging
based on the transit-time curve on open hole when it ran inside the casing [32]. This
device subsequently started to improve in their configuration as well as in log
response interpretation to minimize the attenuation made factors affecting the quality
data measurement. In general, some factors that may affect the amplitude
measurement of CBL include temperature and pressure, wellbore fluid properties,
casing size and thickness, cement thickness, and rocks formation properties. In fact,
this becomes a basis for any improvement in acoustic wave propagation between
transmitter and receiver for the development of such tools in evaluating the cement-
casing and the cement-formation bonding in wellbores.
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However, there is still a limitation on acoustic log measurement - especially in the
fast formation for not being able to provide an accurate data related to the bonding
quality. The fast formation is a rock in which the shear velocity is faster than the
compressional velocity of the fluid in the borehole. In addition, the sound velocity of
the casing that is less than the fast formation, consequently resulting in an interfere
from the formation arrival signal to the casing [31]. Furthermore, the high amplitude
in acoustic log may result in deviation of data measurement in cemented section
leading the precise determination towards channeling or microannulus to be difficult.
2.3.4 Electrical Logging
Electrical logging is a primary tool in formation evaluation to determine water
saturation which is used as a basis for reserve calculations [10]. In application, this
tool uses an electrical current penetrated through the interstitial water saturating the
pore structure of the formation. The current, in this case, is supplied by the
discharging electrodes to generate a static electric field. Meanwhile, the resulting
electric potential is sampled at the measuring electrodes. The formation water is
electrically conductive containing dissolved salts and dissociated into the positively
charged cations and the negatively charged anions.
The logs could provide either resistivity or conductivity (inverse of resistivity)
based measurement dependent on formation water, amount of water present and pore
structure geometry. With the current development, electrical logging can be
performed not only in open hole but also in the cased hole within wellbore [33]. The
method for measuring electrical formation through casing is to apply the current into
the casing and to measure the casing current between two segments. By measuring the
tool voltages and currents, the formation current is derived using Ohm's law as
described in Equation (2.3).
V (2.3)
I= R
where lis formation current, Fis voltage, R is resistance.
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Most of the applications of these electrical logs are to characterize the formation
of rocks including water saturation, porosity, andmicrostructure properties. However,
with the advancement of cased hole electrical measurement, it also can measure the
electrical properties of the wellbore profiles in a serial fashion as a function of the
steel conductivity, cement conductivity, and formation conductivity as shown in
Figure 2.5 [33]. Hence, the measured data of cement conductivity from electrical logs





Figure 2.5 Cased hole resistivity current paths [33]
2.4 Electrical Impedance Spectroscopy (EIS)
EIS is a testing technique for measuring the electrical response of a material to an AC
excitation. Although being relatively new in the cement and concrete science [8, 34],
the applications of EIS have been used for several decades in the electrochemical field
[2]. Gu et al. [35], for instance, have linked EIS parameters to the hydrated cement
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paste properties such as ionic concentration of the pore solution and pore size
distribution. Other investigations have used these parameters to characterize the
microstructure properties of cement based materials [1, 2], and to monitor the
evolution of some of its physical and mechanical properties later on, such as porosity,
strength, and permeability commonly applied in the atmospheric condition [3-9].
The technique associated in the EIS measurement may overcome a major
drawback in DC measurement such as electrical polarization as an effect of a
displacement of bound charges in a dielectric when placed in an electric field. The
electrical polarization occurs in an electrode-cement interface with a reaction
initiating an excess of electrical field opposing the applied voltage needed to be well
considered in a resistance calculation [2]. The conventional method in DC
measurement to overcome electrical polarization is performed by applying high
voltage values (usually in tens of volts) to generate heat which, as an effect, may alter
the cement microstructure [36].
Through the recent development of the EIS technique such as a direct interface
between machines to a PC, the data collection is made easy and flexible in the type of
materials. Moreover, for being noninvasive and nondestructive, it enables the test to
sample the microstructure in-situ without water removal, usually by heating, which is
known to be possible to permanently damage the cement microstructure [2].
2.4.1 The Basic Concept of Electrical Impedance
Electrical impedance extends the resistance concept in AC circuit with the addition of
a phase angle. It is a measure of the ability of material to resist (resistivity) or to flow
(conductivity) electrical conduction through it. The technique is run by applying a
small sinusoidal voltage to a material which exerts an induced current. As a result,
this current will be out of phase with the voltage by an amount - also known as the
phase angle (0) (Figure 2.7). This phase shift is due to the presence of capacitive and
inductive responses of the specimen. The measurement procedure involves a wide







Figure 2.6 Schematic relationship between applied voltage, induced current and phase
angle in EIS measurement [35]
The principle formulation of impedance calculation is according to the analog of
Ohm's law as V = / •Z, where V is the voltage, / is the current, and Z is the
impedance. The impedance here refers to frequency dependence resulting in a set of






Figure 2.7 The impedance, Z, plotted on a complex plane in both rectangular and
polar coordinates [35]
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Figure 2.8 shows the result of impedance measurement in a Nyquist plot (a graph
of T versus Z") for neat cement with w/c 0.4 at about 20 hrs of hydration. In the
Nyquist plot, high frequency could be in a semi-circular form representing a material
response, while low frequency exhibits polarization due to a contact between
electrode and material. Furthermore, the bulk profile of the material obtained at the
intersection of the two arcs where the imaginary impedance is practically zero
becomes the most important parameter. Further analysis will be discussed in Chapter
4.
2 4 6
Real impedance (Z"), Ohm.m
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Figure 2.8 Typical Nyquist plot ofClass G neat cement for w/c 0.4 at 20 hrs of
hydration [37]
Once the impedance has been located in the complex plane, the voltage and
current can be described in polar coordinates as stated in Equations (2.4 and 2.5) [38]:
V(t) = V0exp(ja)t)
/(£) = I0exp(ja)t-j9)
where t is time, V0 is voltage amplitude, I0 is current amplitude, j





By submitting into Ohm law, Z = V(t)/J(t> impedance in polar form would
followEuler expansion (Equation 2.6):
Z= Z0 exp(/(9) = Z0cosQ + jZ0sin 6 (2.6)
As such, impedance amplitude (Z0) and phase shift (0) can be related to the real
and imaginary impedances as follows (Equations 2.7and 2.8):
z0 =v(zo2 +(.n2 (2 7)
and,
e = tan-1(Z"/Z') (2.8)
Generally, the electrical response of a composite material is determined by the
properties of raw phases, pore volume, connected pore, and geometry of the
microstructure [4, 35]. In this case, the responses are represented in the form of the
electrode, interface and the bulk material in the Nyquist plot. As a consequence,
resistance (R) and capacitance (Q are exhibited based on the characteristics of
relaxation time or time constant. Resistance is related to the resistivity (p) and
capacitance is related to the dielectric constant (e) through the relationships given in
Equations (2.9 and 2.10):
n=pm) (29)
and,
C = es0A/l (2.10)
where / is the length ofthe sample, Ais the cross section area, and eQ is permittivity of
free space (8.85 xl0"12F/m).
28
2.4.2 Electrical Impedance of Cement-Based Materials
The initial study using impedance technique was performed by McCarter et al [40]
on the Portland cement paste. A clear dependent was clearly shown for the frequency
to the measured electrical profile which was reflected along hydration process. This
thenhas triggered otherinvestigators to apply suchtechnique not onlyin investigating
hydration mechanism [5, 9], microstructure characterization [2, 3, 41, 42], water
content and pore structure assessment [43^15] but also in evaluating the physical
properties performance [4, 8, 46^18]. Noted here, most of these studies were
performed at atmospheric conditions and standard Portland cement.
Figure 2.9 depicts a typical impedance response in the form of Nyquist plot that
mainly consists of low and high frequency arcs. The high frequency arc (low
diameter) is associated with the bulkproperties of the cement pastedue to solid-liquid
interface phenomena. It has a capacitance effect due to charge separation within the
pore solution as illustrated in Figure 2.10. The lowfrequency arc (high diameter), on
the other hand, is related to the interface of electrode-cement specimen which








Figure 2.10 Illustration of the solid-liquid interface [35]
The intersection of two arcs in the Nyquist plot is found to describe the electrical
resistance of the bulk specimen. This point usually refers to bulk resistance (Rt,=
R1+R2) which is observed to increase as cement hydration proceeds as an effect of
connecting pore reduction and more tortuous [4]. The frequency at this point is called
cut-off frequency and it dependent on the hydration rate, specimen compositions, and
moisture content [40]. This indicates that a single AC frequency measurement may
not be reliable in determining the bulk resistance as the cut-off frequency may vary to
some orders of magnitude as function of hydration time, water cement ratios, and
cement compositions [4].
Furthermore, a depression of bulk impedance between both arcs was observed
(Figure 2.11) indicating a spread of relaxation times in the system and also a non-
ideal capacitive nature of the system resulting in a distribution of time constant in the
system. However, as hydration continues the bulk arcs tend to form complete semi-
cycle as can be seen from Figure 2.11. Gu et al [3] explained that the depression of
the bulk arc was related to the pore size distribution and pore geometry at which
wider pore size distribution could result in a higher depression. This depression angle
was found to increase slightly with hydration ages.
This phenomenon can be described using a constant phase element (CPE) acting






where A is constant, a is angular frequency, and n is a dimensionless parameter
between 0 and 1. An n value of 1 indicates no depression, only one relaxation time
for the system, i. e., a perfect semicircle, anddecreasing value of n increases relaxation









Figure 2.11 Schematic representation of a non-ideal capasitor (constant phase
element) ilustrating the arc depression in the Nyquistplot of OPC cementat 12 days
of hydration. The angle, 0, is defined asthe angle between the real axis and the
longest chord of the full semicircle [49].
As such, electrical conductivity {ob) is obtained from the bulk resistance (Rb) by





The use of electrical conductivity seems to be trivially different from resistivity
(just the inverse factor). However, conductivity for the physical point of view has a
better pedigree as exemplified by Glover [50] in which the solution conductivity was
defined by the density of charge carriers' n multiplied by their charge q and by their
mobility /? as stated below:
a0 = npq (2.13)
Christensen et al [4] concluded their impedance study by means of conductivity
response in the cement pastes by which the electrical conductivity is increased with
the amount of evaporable water in the paste. The conductivity is also increased with
the concentration of mobile ions in the pore fluid, and is further influenced by the
connectivity (or tortuosity) of the pore network. The connectivity is defined as the
square of the ratio of the effective path length le in the pore to the shortest distance / in
a porous medium as shown in Figure 2.12. It is a geometric parameter and accounted
for the pore space geometry.
2
Tf = I —
•' - \i) (2-14)
where ty is tortuosity factor, le is effective path length in the pore, and / length of the
shortest distance of the pore, respectively.
In wellbore application, temperature effect on an electrical conductivity
measurement should be well considered. Arps [51] studied the effect of temperature
on electrical resistivity of sodium chloride solution in the range of 0-156 °C and found
that it followed a linear relationship between the temperature and the ratio of
resistivity.
Hammond and Robson [52], meanwhile, found the same effect of increasing
electrical conductivity along with temperature in various cement and concrete. Later
on, McCarter [36] used impedance technique on Portland cement in the temperature
range of 10-80°C. The result showed that both the real and the imaginary component
of the compleximpedance were temperature dependent and these interdependence can
be related through the Arrhenius relationship in the range of 10-50°C.
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Figure 2.12 Schematic diagram oftortuosity concept [39]
2.5 Electrical Conductivity Properties and Relationship to Permeability and
Strength of Composite Material
The electrical conductivity of a composite material containing a single conducting
fluidphase depends upon the pore solution conductivities (<70) and pore volumes (0).
The bulk conductivity depends also upon the geometrical distributions of the matrix
and the fluid, which control the connectivity of paths for current flow in the porous
medium.
In composite material, the prediction of bulk conductivity is a non-trivial problem
as a result of the complex distribution of solid and fluid phases each of which have
different conductivities, volume fractions and connectivities. A large number of
models have been published (refer to Section 2.5.2.2 for further discussion on the
models) in the attempt to relate the electrical conductivity to its physical properties
(i.e. permeability and strength). Some of them are valid only for particular composite
material at normal conditions while many of them are fail to represent the cement
system cured under elevated pressure and temperature. Hence, representative model
that relates the electrical conductivity to permeability and strength of oilwell cement
under elevated pressures and temperatures is required.
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2.5.1 Conductivity Dispersion Characteristic
The dependent responses of conductivity on frequencies are called as conductivity
dispersion. Electrical conductivity increases along with frequencies and in mixed
cement (bulk conductivity) it is mainly controlled by properties of water. In most
cases, the conductivity of its matrix is negligible, except ifshaly materials are present
which contribute to the bulk conductivity value. The contribution of pore solution to
the bulk conductivity may occur in two ways, either by intrinsic electrolyte
conductivity or by electrochemical interaction at the interface of fluid-solid matrix
[16]. Bulk conductivity in this case is proportional to electrolyte conductivity for the
first case, but in the letter, geometry of conductive path is controlling internal surface
conductivity. It also should be noted here that an increase in asurface conductivity as
a result of a decrease in water content will increase the magnitude of conductivity
dispersion.
Panteny et al [53] investigated the dependence of conductivity-frequency on the
heterogeneous materials containing both conductive and dielectric (insulating) phases
in a wide variety of materials, including ceramics, polymers and composites. They
found that the bulk conductivity at low frequencies was frequency independent, but at
higher frequencies the conductivity increased, following power-law behavior.
However, Schon [54], in addition, mentioned that there was no dielectric material
independence from frequency either in real or in imaginary part irrespective of low or
high frequency. It was due to that, once the time varying electric field was applied
through dielectric substance, the electric polarization may occur - depending on its
frequencies. Electrical polarization was aphenomenon of relative displacement of the
atoms or molecules.
The different types of electrical polarization are related to the different responses
of resistance and capacitance of the product [36]. When the applying electric field is
removed; the substance attempts to return to its initial state. The time needed for the
system to return to its initial state is called as relaxation time and it may be different
for the individual components in a cement system. This can be associated to the
electrical response of individual components in the form of Nyquist plot. Adifferent
mechanism for electrical polarization can be developed that is electronic, atomic,
dipole, interfacial, and double-layer polarization (Figure 2.13) [54].
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Figure 2.13 Mechanism of electrical polarization induced by theelectrical excitation
[54]
Electronic polarization arises from the displacement of electrons with respect to
the nuclei with which they are associated upon application of an external electric
field. It is occurred at frequency above 1013 Hz. Atomic polarization is intrinsic to the
nature of the atom and is a consequence of an applied field. It is observed when the
nucleus of the atom reorients in response to the electric field. Atomic polarization is
usually small compared to electronic polarization in the ranges from 10 to 10 Hz.
Dipole polarization originates from permanent and induces dipoles aligning to an
electric field. Their orientation is disturbed by thermal noise that make dipole
relaxation is heavily dependent on temperature. The frequency ranges for dipole
polarization is about 103 to 109 Hz [54].
In conjunction with conductivity dispersion phenomena; pore solution, pore
geometry and water content may generate an electrical double layer (EDL) that is
formed onthe interface of pore water and solid grain. The effect of EDL on electrical
conductivity properties of cement material depends on the ratio of the thickness of
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interface surface to pore radius [54]. Figure 2.14 illustrates the mechanism of the
anion barriers due to change of pore radius. It is then suggested that the double layer
can touch each other (barriers the anion) if the pore radii are small and the ion motion
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Figure 2.14 Mechanism of the anion barriers due to charge of pore radius [54]
The formation of an electrical double-layer adjacent to the solid surface is due to
the effect of a net electric charge on the solid-pore void interface that attracts the
counter ions from the solution. As a result, the pore solution has higher ionic
concentration and electrical conductivity in the vicinity of solid surfaces. The
interface excess conductivity is significant in some porous materials while it might be
negligible in others, depending on the electric charge of solid surfaces. This value
comes to be important to have a reliable interpretation of the overall conductivity
data.
Johnson et al [55] incorporated the surface conduction for the bulk conductivity
(ab) of a porous material as below:
<r>=FVTo + 0'*A (2.15)
where as is the interface conductivity in Siemens (S), F is formation factor, a0 is pore
solution conductivity (S/m) and term 2/A is a microstructural parameter analogous to
the surface to volume ratio of the pores.
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2.5.2 Electrical Properties of Cement System
Electrical properties of cement system depend on their curing conditions, water
content, porosity, and interconnected pores. These responses alsochange as a function
of hydration time, especially during early hydration. Any changes in the cement
properties may reflect the electrical features of cement material. Bythat, the evolution
of cement hydration process in terms of physical properties might be traced and
predicted by means of its electrical attributes.
Cementmaterial can be regarded as a composite material containing solid, liquid,
and air phases. The solid phase mainly consists of calcium silicate hydrate and
calcium hydroxide that have a conductivity of approximately 10"9 S/m. Meanwhile,
air has a conductivity in the vicinity of 10"15 S/m [56]. By this, the solid and vapor
phases practically are electrically insulating.
In liquid phase, Ca2+ and OH" are the most important ions from an electrical
conductivity point of view. Other significant ions that can be found in cement pore
solution include Na+, K+, and S04"2. Nevertheless, these ions are not able to be
expected to have a constant conductivity during hydration processes since Ca and
S04"2 concentrations are gradually declined when hydration starts and Na+, K+, and
OH"concentrations increase slowly [57].
Since the solid and air conductivity are several orders of magnitude lower than
thatof pore solution conductivity, it may be considered that cement material consists
of a single conductive component in which solid particles and air vapor are resistive.
Here, the ratio of the bulk conductivity and pore solution conductivity is defined as
normalized conductivity. As such, the electrical conductivity model is examined for
certain samples that are fully saturated by water and only one phase, in this case, is to
be considered to be conductive.
2.5.2.1 Temperature Correction
It is shown that electrical measurement is very sensitive to the change of ambient
temperature. As such, a reasonable comparison between conductivity data obtained at
the varying temperature can only be conducted after the temperature effect is
corrected. The increase conductivity data is due to activated energy processes [58]
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that enhance the mobility of ions and collide more vigorously in the pore solution.
Therefore, correctness is a must purposively to compare the conductivity curve of
well cement at different temperatures. Generally, the reference temperature to be
corrected is at 25°C.
To determine and correct the effect of temperature variation on the conductivity of
well cement, several methods have been proposed in the literatures. The approaches
represent the theoretical and empirical-based equations. The theoretical one was
introduced by Hammond and Robson [52] who have expressed the influence of
temperature on conductivity on various cements and concretes using Arrhenius
equation as stated in the following Equation (2.16):
in(^S))=afe-?) ^
where T(°C) and Tre/(°C) are the absolute and reference temperature and a (°C) is an
empirical coefficient. The authors suggested a = 2627 (°C) for concrete and a = 2027
(°C) for cementpaste.
While the empirical-based equation was suggested by Arps [51] by which he
generated the formula at temperature between 0 and 156°C based on the sodium
chloride pore solution during logging process within wellbore as shown in Equation
(2.17)
46.5 • 0(r\
ff« = -2lsTr (Z17)
where op) is the conductivity at the designated temperature (S/m) and a25 is the
corrected conductivity at 25°C (S/m).
2.5.2.2 Conductivity Models for Composite Material
Many attempts have been made to model the microstructure properties of composite
material by means of electrical conductivity. In response, both empirical and
theoretical model have been employed to explain these phenomenon. Table 2.3
presents some of the commonly used models. In this table, ob represents the bulk
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conductivity of composite material, oQ represents pore solution conductivity and (p
represents the pore volume fraction.
Parallel, also known as arithmetic, is a formula to estimate the normalized
conductivity of a given phase conductivity and volume fractions [39]. However, this
prediction usually tends to overestimate the conductivity of isotropic media since the
model does not consider the microstructural geometry of the composite.
The Hashin-Shtrikman model [59], furthermore, provides an approach for
estimating normalized conductivity using an upper and lower bound values. In this
method, the phases are distributed in a number of parallel layers (beds with volume
fractions and there are two values which limit the normalized conductivity). One
parallel corresponds to a deformation perpendicular to the beds and the other one does
to the beds. The upper bound is attained for a microstructure of spherical solid grains
coated with a shell of water and fluids forms a percolating cluster, while the solid
grains are isolated from each other [39]. For the lower bound, the solid phase forms
the percolating cluster while the pores are isolated. As such, these bounds might be
applicable to any types of particulate composites but not necessarily describing the
behavior of layered materials.
Archie's law is an empirical relationship derived to estimate formation factor
(inverse of normalized conductivity) for a saline solutions saturating clean porous
sandstone [10]. This relation assumes that there is only one conductive phase {o0) to
be distributed into an insulating matrix (ab). The cementation factor m in this case
refers to an empirical parameter in the range of 1.5 to 4 based on the type of the
sedimentary rocks. The larger the parameter is; the more tortuous the network will be.
Modified parallel law, principally as an extension of conventional parallel law,
has been developed for a layered composite in which all conductive phases are
percolated across the material [4]. However, an additional parameter (the so-called
connectivity parameter) has been introduced in a modified model to take into account
the tortuosity and constriction of the material.
39

































Parallel layer of constant
arbitrary thickness with
conductivity arranged







Derived from an effective
medium consideration with
the existence of upper and
lower bound. These bounds
are applicable to any types
ofparticulate composites
Derived from effective
medium theory. Valid for
spherical particle
Developed to model two-
phase composites with
inclusion mechanism
Providing a solution of the
multi-particle random
structures
Differential Effective Medium (DEM) theory is developed to model a dispersed
particle in a system that always stays percolated. However, this model does not treat
each constituent symmetrically. The notation ddescribes the spatial dimension ofthe
system and usually d = 3 for a three dimensional composite [39]. Furthermore,
Maxwell approximation is used to estimate the normalized conductivity by direct
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substitution for small inclusion concentrations. The assumption in this model has been
valid for spherical particle. However, Maxwell approximation has given some good
estimates of normalized conductivity at non-dilute condition which the spheres have
been well separated from each other [39],
Finally, the self-consistent model is described as a method to the solution of the
multi-particle random structures. This model functions to simplify a complex picture
of interaction among many particles and to reduce a multi particle problem to a
problem for one particle [60]. Different from the Maxwell and DEM models, this
model is not limited to particle matrix and acts on every particle in a random
structure. The parameter d describes the spatial dimension of the composite.
To evaluate these models, the measured conductivity data were used in this study
followed by comparing the results to the models. Here, porosity data were obtained
using the MIP (as discussed in Chapter 3) and Power-Brownyard models [61]. In this
hydration period, the electrical conductivity, porosity and microstructure parameter
were changed as a function of time.
2.5.3 Relationship of Electrical Properties to Permeability and Strength
In oilfield, fluids migration through the cement column is considered as one of the
most problems encountered during drilling operations in that it may damage the
wellbore and also has a damaging effect to the environment. Factors that contribute to
the gas migration might include fluid density, mud removal strategy, cement slurry
design, and cement mechanical properties. Within these factors, the main controlling
parameters allowing the fluids to migrate are permeability. Therefore, a low
permeability is required for a good cement formulation. Burdylo et al. [19] stated that
a rapid reduction in permeability after placement was a key design feature of a good
cement. Permeability also may resist formation acid attack that may degrade cement
quality.
On the other side, certain magnitude of cement strength is required to guarantee
the integrity of wellbore. It will warrant the complete zonal isolation at which casing
stands appropriately. For this purpose, early strength is deemed to be essential in
ensuring structural support to the casing and mechanical isolation of downhole
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intervals. Delay in strength development will cause a significant amount of lost time
due to the need to wait-on-cement. In common, wait-on-cement is a timerequired for
cement to achieve a minimum strength of about 500 psi [62]. Otherwise, drilling
operations cannot proceed, and the rig must sit idle until the cement has been
sufficiently hardened to continue.
Both permeability and strength of well cement, furthermore, depended on the
elevated temperature and pressure. Usually cement strength is considered to increase
with increasing temperature especially at the early stages of hydration. At the same
time, the permeability decreases with increasing temperature. However, at the later
stages, the strength of the cement decreases rapidly and permeability increases with
high temperature [23] as an effect of cement's deterioration. As such, carefully
monitoring the actual strength and permeability of well cement at certain interval
period is necessary to prevent any wellbore failure.
In practice, these properties are tested on designing cement slurry formula. In
response, a set of samples have been examined in the laboratory scale to meet the
required objectives. However, once the cement has been displaced, the strength and
permeability performance may not be similar with the results obtained from the
routine lab. It is either due to the cement in wellbore that may mix with several
formations of fluids/mud or due to the fluid loss problem which does not really
represent the previous tested samples. Furthermore, an elevated temperature and
pressure maydegrade the cement quality in term of its strength andpermeability.
For those conditions, cementing evaluation is then performed to confirm the
success of cement job. However, the current applications are merely focused on the
zonal isolation and detectthe quality of bond between casing and cement and between
casing and wellbore. It is executed by using the sonic and acoustic log measurements.
Still, this technique has a limitation to be used in evaluating the permeability
development due to its densitybasedprinciple [13-15].
2.5.3.1 Permeability and Electrical Properties Relationship
A promising technique using an electrical impedance to evaluate microstructural
properties of cement; including permeability, has been successfully applied [42, 43,
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57, 62, 63]. The well known equations of Katz-Thompson [65] and Johnson's [55]
have been most frequently discussed in literature in relating permeability to
conductivity. These equations are successfully tested on the rock samples but may not
be fully applicable to cement since having more rigid system [63,65].
Katz and Thompson derived the following equation based on the percolation
concepts relating the permeability of saturated random porous media to
microstructural descriptors and conductivities:
fe =2k(SH)2 ^
where kis hydraulic permeability (urn2), ob/o0 is normalized conductivity, and dc is
the critical pore diameter (urn).
Meanwhile, Johnson et al [55] correlated the formation factor and the
permeability of the porous medium with a production of the equation as follows:
1'^(°bk=-m[fj (2.19)
where kishydraulic permeability (urn2), ablo0 is normalized conductivity, and Aisa
weighted pore volume-to-surface ratio (urn).
Several researchers have obtained a fair agreement between measured and
calculated permeability using these equations [4, 47, 65], and also its application on
cement pore structure [67]. However, since these samples are treated at mature stage
and at ambient condition, a further study is required for sample during early hydration
and under reservoir conditions. As a result, this thesis proposes an empirical equation
based on the relation among the measured permeability data, pore radius and
electrical responses of oilwell cement at elevated pressure up to 3000 psi and
temperatureup to 65°Cduring the first 24 hrs of hydration.
2.5.3.2 Strength and Electrical Properties Relationship
Typically, the wait-on-cement during a cementing operation could range from a few
hours to several days - depending on the difficulty of the cement job. Prior to that, a
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regular cement bond log may result in apessimistic interpretation. Hence, an accurate
evaluation and estimation on appropriate cement strength becomes considerably
important to reduce cost expenditure -particularly at the early ages when the physical
and mechanical properties of the well cement significantly change with times.
In literature, it is found that the influence ofporosity on the strength of cement has
already been well recorded into many models such as those of Balshin [68],
Hasselman [29], Ryshkevitch [69] and Schiller [70]. These models have been applied
using ameasured porosity and relating it to its strength, this is rather impractical for
the oilfield used. Therefore, asimpler correlation becomes necessary. An emerging
electrical conductivity technique then is used as atool to predict cement strength and
conducted based on cement porosity along with the measured normalized
conductivity. Considering the effect of elevated pressure and temperature, the
suitability ofthe existing models between porosity and strength needs to be examined.
It is worth noting that the correlations between porosity and strength for several
engineering materials have been intensively investigated [8, 29, 67-70]. However, its
pertinence to the Class Goil well cement under elevated conditions needs to be
carefully examined still.
Balshin [68] has suggested the following power law correlation for powder metal
ceramic.
S=Soa-W (2.20)
where Sis strength, S0 is strength at zero porosity, 0 is porosity, and bis empirical
constant.
Meanwhile, Hasselman [29] proposed alinear relationship between strength and
porosity for different refractory glass materials.
s-s0-bd> {22l)
where Sis strength, S0 is strength at zero porosity, 0 is porosity, and bis empirical
constant.
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Schiller [70] also suggested a logarithmic correlation between strength and
porosity for gypsumpaste or non-metallic brittlematerials.
S=61n% (2.22)
0
where S is strength, <j>0 is porosity at zero strength, <p is porosity, and b is empirical
constant.
Ryshkewitch [69] introduced an exponential equation for porous sintered alumina
and zirconia in relating strength and porosity.
S = S0e-b(t> (2-23)
where S is strength, S0 is strength at zero porosity, <p is porosity, and b is empirical
constant.
To fit these models, an experimental study was made and used as a basis in
predicting the strength using measured electrical conductivity for oilwell cement at an
elevated pressure and temperature.
2.6 Summary of Review
The recent methods of sonic and ultrasonic cement log technique.can only acquire
informations regarding the bonding quality but the technique fails to obtain the inter
connected pores of a cement system [13-15]. Although the application of electrical
impedance on cement system producing an interesting work, most of study in the
literature did not directly relevant to oilwell cement condition. Some authors [57, 63]
have produce some foundation in relating electrical impedance to some engineering
properties such as porosity but they used a single frequency approach which is not
appropriately reliable and, furthermore, the sample samples are treated at mature
stages of hydration. As a result, the existing correlations that relate the electrical
properties to cement system did notfully applicable for oilwell cement conditions.
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CHAPTER 3
EXPERIMENTAL PROCEDURES AND METHODS
Chapter 3 describes the experimental program, apparatus, materials, and methods
used in this study. In addition, it provides the comprehensive information about
sample preparation, mixture proportions, and curing conditions. To support the
discussion of this chapter, the electrical impedance measurement procedure is
detailed. The last part of this chapter deals with the explanation about the method of
pore solution extraction and its conductivity measurement together with the
measurement of permeability, porosity, and strength.
3.1 Sample Preparation
In the sample preparation, five batches of cement slurry were mixed with tap water at
water cement ratios (w/c) of 0.55, 0.5, 0.4, 0.3 and 0.25. In this case, some samples
with w/c of 0.25 and 0.55 acted as a controller variable. In this study, API cement
Class G High Sulphate Resistant (G-HSR) with the specific gravity of 3.2 g/cm3
obtained from LaFarge Malaysia was used. Tables 3.1 and 3.2 present the
composition of the cement measured by X-ray fluorescence analysis and the summary
of the experimental measurement method, respectively.
Referring to the recommended practice of API 10A [24], the composition,
subsequently, was mixed in a constant speed at 4,000 rpm for 30 minutes in which
the cement powder was gently poured into the mixer that had been filled with water
until well mixed. The mixing process was continued by increasing the speed of
mixing up to 12,000 rpm for 35 minutes.
Having been prepared, the cement slurry was immediately placed into a 1-inch
diameter x 1-inch length cylinder rubber jacket for the impedance measurement.
Afterward, the sample was weighed using a digital balance in which the weight
measurement was used as an input in the electrical conductivity measurement. Table
3.3 presents the scenarios of the measurements that illustrate the wellbore conditions
during cementing operation starting at ambient condition to gradually achieve
elevated temperature and pressure. For the strength measurement, the cement slurry
was placed into the test cell of about 500 ml within UCA apparatus to be gently
poured until the proper fill level was obtained using the slurry level gauge.
Table 3.1 Composition of Class G HSR cement
Raw Oxide Wt. % Bogue Phases* Wt. %
C3S (tricalcium silicate) 62.5
C2S (dicalcium silicate) 9.3
C3A (tricalcium aluminate) 2









*Cement chemistry notation: C = CaO, S = Si02, A = A1203, F = Fe203
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Table 3.2 Experimental measurement methods
Experimental Measured Sample Measurement
parameters treatment devices
Mixed at 4,000
Mixing w/c of 0.55, 0.5,
0.4, 0.3, 0.25











first 5 hrs, 1 hr
Impedance • 25°C&14.7 increment for up CoreTestSystem
measurement psi, 40°C & to 10 hrs and at 2 AutoLab
1500 psi and hrs interval up to
65°C& 3000 psi 24 hrs of
hydration
• Time varying














psi, 40°C & Along 24 hrs of Cement Analyzer
I500psiand hydration Model 200 from
65°C& 3000 psi (continuously) Cement Test
rp* • Equipment
• Time varying
• 25°C&14.7 A Pascal 240 and
psi, 40°C & Measured at 5, 440 high pressure
Porosity 1500 psi and 10,16 and 24 hrs Mercury Intrusion




psi, 40°C & Measured at 5, Gas permeameter-
Permeability 1500 psi and 10,16 and 24 hrs coreval 30 (Vinci
65°C & 3000 psi of hydration Technology)
• Time varying
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On the other hand, for permeability measurement all the samples were cured to
the same conditions as mentioned in Table 3.3. For samples at ambient condition, it
was cured by placing them into a 1 x 1-inch cylinder rubber jacket. Other samples at
elevated conditions were performed in the HPHT curing chambercontaining a sample
cell with a dimension of (1 x 1 x l)-inch. Here, the curing duration was set around 5,
10,16 and 24 hrs. Samples obtained fromthe curing chamber were then directlycored
into the (1 x l)-inch cylinder core plugs to fit the core holder of permeability
measurement. A similar treatment of the samples was also performed for the porosity
measurement using MIP method in which a cement sample of about 4-8 grams was
used as the input measurement. To have representative data, the hydration process of
cement samples was stopped using the solvent exchange procedure as mentioned by
Zhang [72]. In overall, Figure 3.1 presents the general workflow of the research
procedure.
Table 3.3 Measurement scenarios for conductivity measurement
Sample No. w/c T(°C) P (psi)
1 0.55 70 3000
2 0.5 25 14.7
3 0.5 40 1500
4 0.5 65 3000
5 0.4 25 14.7
6 0.4 40 1500
7 0.4 65 3000
8 0.3 25 14.7
9 0.3 40 1500
10 0.3 65 3000
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Figure3.1 General workflow of the thesis (continuation)
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3.2 Electrical Impedance Measurement
Electrical impedance information was obtained using CoreTestSystem AutoLab from
New England Research [73]. Figure 3.2 depicts a schematic diagram of electrical
impedance measurement. The instrument was allowed to perform both the two-
electrode and the four-electrode impedance measurement as a function of
temperature, pressure, and frequency.
The mixed cement samples were placed in accordance with the core-holder
apparatus. Prior to installing the apparatus, the cement samples were firstly jacketed
by a flexible rubber to avoid leakage or fluid loss. To measure electrical properties,
the electrode was carefully aligned with each end of the sample. The standardized
electrodes materials consisting of porous silver membrane filters produced by
Osmonics Inc. were used here.
The execution of the electrical measurement using four electrode configurations
was purposely to minimize the effect of electrode polarization [74]. For measuring
four electrodes, the insulating pad (polyester felt), in turn, was placed on the voltage
to recess the voltage contact at each end of cap and to mechanically isolate the
contacts of those electrodes from the current electrode (Figure 3.3). This, as a result,
could allow the voltage measurement to be made without any significant
contamination from the electrochemical reactions affecting the current electrode.
Samples were inserted in a core-holder component consisting of two silver
electrical contacts embedded in the face of each end cap (Figure 3.4). Here, the
frequency of measurement, totally involving 25 data points of frequencies for each
execution stored, was set from 0.2 MHz to 1 Hz in a logarithmic sweep. These
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Figure 3.4 Set-upfor a four electrode measurements. One silver filter is used on each
side of the sample and makes direct contact with only the current contact [73]
The input files for the instrument included the length, diameter and density of the
sample. Meanwhile, the measurement of electrical property of cement was made in a
serial mode. Electrical impedance (Z) can be measured using a range of different
frequencies for a better analysis of the electrical response of a material.
Corresponding to the each frequency, a set of real and imaginary impedances was
obtained {i.e., impedance components were frequency dependent). These results could
be described in terms ofa Nyquist plot (a graph of Z' versus Z").
The confining pressure of 3000 psi, on the other hand, was manually conditioned
using a hydraulic pump. The output from the measurement system subsequently was
recorded by the data acquisition system. The system temperature of about 65°C was
then obtained by heating the oil chamber and recorded by an integrated thermocouple
of the system. Measurements were gradually collected at several 30-minutes intervals
for the first 5 hrs, followed by the one-hour increment for the next measurement up to
10 hrs and continued at the two-hour interval until reaching 24 hrs of hydration.
Temperature and pressure in the impedance measurement, in turn, were
conditioned to increase as well as to represent wellbore conditions simultaneously. It
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was started from an ambient condition; increased to 40°C & 1500 psi and ended by
65°C & 3000 psi that corresponded to a well depth ofabout 5000 ft. These conditions
were then simulated as a function of water cement ratio.
Forcement bulk conductivity (ab\ it was calculated from the bulkresistivity (Rb)
in the Nyquist plot at thecut-off frequency after having been normalized for geometry
factor (G)according to the previous Equation (2.12).
At last, to adjust and enhance data quality, it was done by balancing Z-meter
interfacing box with a reference resistor and by selecting the reference resistor that
most closely matched to the effective (low frequency) resistance of the sample,
respectively. This effectively balanced the voltage that was measured by the two
amplifiers.
3.3 Pore Fluid Analysis
Pore fluid was obtained through an extraction of the cement sample at certain pressure
using Fann 175 ml HPHT API Filter Press which could be pressurized to 1800 psigon
the cell and 750 psig on the back pressure receiver. At this point, the maximum
operating temperature was at 177°C. Pore fluid consisted of a filter paper connected to
the orifice for fluid expulsion. Once removed, it was collected directly into a glass
flask for the conductivity measurement. To obtain about 5 ml, the pore fluid was
collected at several points of time period that were about 1, 3, 5, 10, 16, and 24 hrs of
hydration period and then followed by sealing off the orifice using filter press. The
pressure profile was generated by pumping Nitrogen (N2) until reaching the desired
pressure. At last, the conductivity measurement after fluid extraction was immediately
performed using conductivity meter.
3.4 Compressive Strength
The development of compressive strength ofall samples for the 24 hrs hydration was
monitored using Ultrasonic Cement Analyzer (UCA) whose performance was based
on the transmission characteristics of ultrasonic compressional wave through cement
slurry. It was done by measuring the transit time by an analyzer and converting it to
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an apparent compressive strength. The widespread use and acceptance of the UCA, as
a result, has made it to be acceptable as a recommended practice for determining
sonic strength in API RP 10 B [62]. This study, in turn, used the Model 200 UCA
from Cement Test Equipment.
Soon after mixing, the sample was placed in the test cell until the proper fill level
was obtained using the slurry level gauge. Extra water, afterward, was added until
reaching the water filled line on the slurry level gauge. The measurement was
performed for 24 hrs of hydration with the setting maximum pressure and temperature
of 3000 psi and 65°C subjected to the same conditions as mentioned in Table 3.3. In
addition, controlling samples of w/c 0.55 and 0.25 were prepared at 3000 psi and
70°C for its strength measurement up to 50 days of hydration.
3.5 Degree of Hydration
The degree of hydration was calculated using the Byfors equation [28] as mentioned
in Equations (2.1) and (2.2). The values of maximum strengths calculated using the
Hasselman correlation [29] as a function of water cement ratios are listed in Table 3.4
(refer to Section 4.3.6 for detailed discussions). A calculation result can be seen in
Appendix A as well.
Table 3.4 Calculated maximum strengths at zero porosity using the Hasselman
correlation for Class G cement




3.6 Mercury Intrusion Porosimetry (MIP) Measurement
MIP refers to a technique to measure the pore size distribution of a porous medium
that is ranging from few nanometers to several hundred micrometers. It is also used to
quantify the porosity by the same principle based on the capillary law governing
57
liquid penetration into the small pores as functions of surface and interfacial liquid
tensions, pore-throat size and shape, and wetting properties of sample. This can be
expressed in the form of Equation (3.1) by Washburn [75].
lycosQ
Pc = ~- 3.1
r
where Pc is capillary pressure (dynes/cm2), y is surface tension ofHg (489 dyne/cm),
6 is contact angle between mercuryand cement pore wall (typically 140° [64]), and r
is radius of pore-throat aperture for a cylindrical pore (cm).
In this study, the hydration rates of slurry for samples after set were ceased before
commencing MIP measurement, in this case by applying a solvent exchange
procedure by replacing water inside the cement samples as suggested by Zhang [72].
Hydration was set to be ceased at 5, 10, 16 and 24 hrs for each sample. About 4-8
grams of cement sample were rinsed in an 80-mI acetone in the sealable container and
shaken vigorously. The solvent was renewed regularly 2 to 3 times during the first 24
hrs and repeated about once per day for the rest two days. After soaking in acetone,
the samples were dried up through the oven-drying method at 80°C for 24 hrs and
followed by MIP measurement. To ensure data reproducibility three measurements
were made for each sample condition, and the result was finally calculated by the
mean analysis values. From the standard deviation analysis, the accuracy of the
measurement for each sample conditions was about less than 4.5% with the standard
value of ±2.5%.
Pascal 240 and 440 high pressure porosimeters were used. Here, the
pressurization system used a reversible pump continuously operated and making it
possible for a perfect control in increasing or in decreasing the pressurization speed of
about 54 and 108 psi/s. By doing so, the maximum pressure of 29,000 psi and 58,000
psi for Pascal 240 and 440 could be reached approximately in 9 minutes.
3.7 Permeability Measurement
Permeability measurements were performed on samples using gas permeameter-
coreval 30 with the range of 10" - 10 urn (Vinci Technology) based on an unsteady-
state (transient) method. The pressure falling-off technique was applied on cores
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placed in a core-holder under a hydrostatic confining pressure. The downstream end
of the sample was conditioned to an atmospheric pressure whilst the upstream
pressure used was at 200 psig. This method, a relatively fast technique compared to
the steady-state method [76], made possible for the calculation of slip-corrected
permeability and Klinkenberg slip factor [77] during the single transient test. Helium
(He) was then passed through the core sample, and the pressure difference between
the inlet and outlet was the main parameter to determine the permeability.
After mixing, cement slurry was directly placed into a curing chamber under
elevated temperature and pressure. The curing duration was designed into several
periods of around 5, 10, 16 and 24 hrs of hydration. After achieving some curing
periods, the samples were directly cored into the 1 x 1-inch cylinder core plugs to fit
the core-holder of permeability measurement device. The core plugs were then
immersed in the acetone solution to stop the hydration process. About 100-150 g of
cement plugs were rinsed in a 250-ml acetone in a sealable container and shaken
vigorously as the same procedure for the MIP measurement in Section 3.6. After
soaking in acetone, the samples were ovendried at 80°C for 24 hrs before conducting
permeability measurement. Three measurements were also made for each sample
conditions to ensure data reproducibility. The result was calculated by averaging these
measurements. The accuracy of the measurement was tested using error analysis by
standard deviation method. The percentage of error for each measurement at different
sample conditions was found to be less than 6%.
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CHAPTER 4
ELECTRICAL RESPONSES AND ITS CORRELATION TO PERMEABILITY
AND STRENGTH OF OILWELL CEMENT
Chapter 4 presents and discusses about the results of impedance spectroscopy
measurements in Class G oilwell cement. An interrelationship between frequency and
electrical conductivity is dealt with in detail in the form of conductivity dispersion
characteristics in which the conductivity dispersion and dispersion magnitude are
evaluated. This chapter also explores the interface conductivity and its contribution to
the bulk conductivity as an effect of electrical double layer. The simple particle
expansion model is proposed as an aid to determine the interface conductivity. The
next section of this chapter is designed to discuss about the analysis of parameters
influencing the electrical conductivity of oilwell cement. Here, the effect of w/c,
elevated pressure and temperature on electrical conductivity is discussed.- including
the correctness of the direct effect of elevated temperature on conductivity
measurement. Some models for conductivity changes with time are evaluated to
correspond with the oilwell cementapplication as well. The last section in this chapter
discusses about the development of empirical correlations to predict the permeability
and strength of oilwell cement based on its electrical properties. For this purpose, two
different approaches are employed. In the first approach, the correlations are carried
out based on the cement physical properties measurement along with the measured
normalized conductivity, and in the second one, the modified version of the existing
correlations is proposed with respect to the cement's microstructure parameters.
4.1 Conductivity Dispersion Characteristics and Interface Properties
This section discusses in detail the interrelationship between frequency and electrical
conductivity in the form of conductivity dispersion characteristics. It was made by
taken into account the effect of water saturation, hydration time, and elevated
temperature and pressure. Some microstructure parameters for the interface
conductivity determination additionally were calculated using a simple particle
expansion model. The material parameters influencing the interface conductivity were
identified and the magnitude of interface conductivity along with its contribution to
the bulk conductivity was also quantified.
4.1.1 Impedance Spectroscopy of Oilwell Cement
Electrical impedance measurements have been generated as a function of hydration
time as expressed in the Nyquist plot. Figure 4.1 presents a typical Nyquist plot at a
different hydration time for w/c 0.5 (results of Nyquist plot can be seen in Appendix
B). This measurement has included the geometry factor (l/A) of about 0.5 cm"1 in
which / and A respectively equaled to 2.54 cm and 5.06 cm . The plot found that a
two-arc behavior was continually formed at the later ages of hydration, indicating the
formation of solid hydration products and reduction of pore-filled solution. These arcs
were formed due to the different time constants (resistance-capacitance products) in
the material as an effect of the different types of electrical polarization due to the
electrical excitation. The high frequency arc (small arc) was due to the bulk processes
and the low frequency (large arc) was due to the electrode interface effect.
A small curve of high frequency arc, i.e. 5 hrs, was due to cement in the form of
suspension and no interfaces (solid-fluid) formed. At this point, the impedance
performance was mostly contributed by a physical contact between the electrode and
the sample which generated an electrical double layer and charge transferphenomena.
As the hydration continued, the bulk response on the impedance measurement
gradually increased at the high frequency arc in the Nyquist plot.
In a high frequency region, one particular concern refers to a point at which
imaginary impedance has the lowest or approximately zerosvalue. Thispoint is called
the bulk impedance with the frequency named cutoff frequency. The bulk impedance
here is dependent on hydration period, water cement ratios and curing conditions.
Figure 4.2 presents the dependence of w/c on impedance measurement - especially
bulk impedance at several curing conditions. Furthermore, a similar trend was also
observed for samples cured at different curing condition at which sample with low
w/c a bigger value for bulk impedance had. As can be seen, the bulk impedance
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shifted from w/c 0.4 to 0.3 was almost double that than of w/c 0.5 to 0.4. This was
probably related to the quick reduction in pore solution at hydration time of 20 hrs.
Figure 4.3 shows the effect of curing temperature and pressure on electrical
impedance. It can be noted that an increase of temperature and pressure has also
increased the bulk impedance as an effect of accelerated hydration rate. Unlike w/c,
the bulk impedance shifted due to curing temperature and pressure was relatively
varied. These phenomena may be due the effect of w/c more dominant compared to
that of curing temperature and pressure for which the bulk impedance shifted likely to
form irregular pattern as a function of w/c.
From these Nyquist plots (Figures 4.2 and 4.3), the bulk impedance was observed
to vary as a function of frequency. Thus, the use of multiple frequencies comes to be
important to capture the correct bulk impedance otherwise the resulting data may not
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Figure 4.1 Typical Nyquist plot at different hydration time for Class G cement with
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Figure 4.2 Nyquist plot of Class G cement at different water cement ratios (w/c) at 20
























































































































































































4.1.2 Conductivity Dispersion Characteristics
The change in electrical conductivity with frequency is called conductivity dispersion.
It depends on the properties of the particles and the pore fluids. This characteristic
may be used as an indication of the existence of electrical double layer that
contributes to the electrical properties of the system. Electrical double layer here
reflects the interface conductivity properties between pore fluid and particle
depending on hydration time, water content, andpore size.
The dispersion characteristics of cement slurry during early hydration were
conveyed in terms of conductivity dispersion and magnitude of conductivity
dispersion. The first was applied into the cement system as a function between
frequencies and electrical conductivity - while the letter was only focused on the
cement system at above cut-off frequency. The magnitude of conductivity dispersion,
furthermore, was explained through the comparison of the conductivity at maximum
point and cutoff frequency within the available frequency ranges {omax - o-cf)/crmax
[78]. Here, the cut-off frequency was selected at the intersection of the electrode and
bulk arcs.
Figure 4.4 presents typical conductivity dispersion. As the frequency of the
impedance measurement increased, so did the electrical conductivity of cement
system. It shows that conductivity dispersion exhibited a significant trend at points
below cut-off frequency (5690 Hz) as an effect of electrode-system contact. In
addition, it indicates that the water filled pore at this system dominated conductivity
measurement.
In the following sections, a systematic study was carried out to investigate certain
dispersion characteristics of oilwell cement during early hydration with regard to the
hydration time, water cement ratio, and elevated temperature and pressure. This
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Figure 4.4 Conductivity dispersion of Class Gcement at 5 hrs ofhydration time with
w/c 0.5 cured under 40°C & 1500 psi
4.1.2.1 Effect of Water Cement Ratios on Conductivity Dispersion
Being contrast with cement matrix that was considered to be negligible, water cement
ratios, playing an important role in determining the conductivity dispersion
characteristic, were mainly controlled by water properties. As cement was mixed with
water, hydration process existed by steadily consuming the initial water until
hydration was completed. As a result, initial water saturation of cement after mixing
could be reduced accordingly as a function of hydration time.
By mechanism, the contribution of w/c as a pore solution to the cement
conductivity might occur in two ways. Firstly, it might occur by their intrinsic
electrolysis by which cement conductivity was proportional to electrolyte
conductivity. Secondly, it might happen by the process of electrochemical interaction
at the interface of fluid-solid system. In this condition, the inter-connected pore of
conductive pathis controlling interface conductivity.
Figure 4.5 shows the contribution of w/c on conductivity dispersion
characteristics at (a) 5 hrs of hydration time and (b) 20 hrs of hydration time.
Conductivity dispersion not only increased with frequency asexpected but also had an
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increasing profile as water content reduced. This gave a clue that the cement with
fully or high water content will be less affected to the conductivity dispersion.
In the very early hydration (Figure 4.5a) it was shown that the effect of different
w/c on dispersion characteristic was relatively small compared to the similar effect at
the later hydration time (Figure 4.5b). In 5 hrs of hydration time, the conductivity
dispersion was almost similar for eachw/c due to the less physical change exhibited
in cement hydration (dominated by volumetric conductivity). In the later period,
cement already had formed a hardened phase and restricted the current through water
and, as a result, it was now controlled by both water and inter-connected pores. As an
effect of these the discrepancies between w/c to conductivity dispersion were more
pronounced.
Above cut-off frequency (dominated by bulk response), the conductivity
dispersion was higher at the later stages. It canbe seenthat for 20 hrs of hydration the
conductivity dispersion was higher at w/c 0.3 followed by 0.4 and 0.5. This indicates
that the pores volume at higher w/c was still covered by water that contributed to the
domination of volumetric conductivity more than surface conductivity. Because of the
dispersion and the surface conductivity had a similar analogy to the capacitor, the
bigger the inter-connected pores, the easier the dispersion vanished. In otherwords, a
small w/c tended to have a surface conductivity for a similar hydration period. This
also can be seen in the magnitude of conductivity dispersion (Figure 4.6) in which the
magnitude increased as w/c decrease indicating that surface conductivity potentially
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Figure4.5 Conductivity dispersion curveas an effect of water cement ratios at


































Figure 4.6 Magnitude of conductivity dispersion as a function of water cement ratios
at ambient condition
4.1.2.2 Pressure and Temperature Effect on Conductivity Dispersion
Figures 4.7a-fshow the effect of pressure and temperature on conductivity dispersion.
It can be seen here that these contributions were dominant at the very early stages of
hydration - especially below cut-off frequency (Figures 4.7a,c,e). This might be as an
effect of the enhanced mobility of ions in the pore solution once the temperature was
increased. Hence, there was a need to be corrected to compare conductivity curve at
different temperature profile. The procedure of the temperature correction was
delivered in Section 4.2.2. Meanwhile, the effect of pressure at these stages was less
significant because its conduction path was mainly controlled by volumetric water.
The effect of pressure to the electrical current was very small and might be negligible
as noted by Khairy et al. [16].
The conductivity dispersion characteristics as an effect of curing temperature and
pressure were observed at the later stage ofhydration (Figures 4.7b, d, f) at the point
above cut-off frequency. The discrepancies between different P and T were not as
high as those in the early hydration as the system at these points had already been
controlled by the bulk conductivity instead of electrode contact effect. It can be seen
that as temperature and pressure increased together with the decreasing w/c, the
conductivity dispersion also slightly increased in the form of magnitude dispersion.
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This increase occurred as a result of hydration acceleration which affected the
formation of cement particle network and its initial water consumption. Hence,
volumetric conduction steadily vanished as hydration continued and at the same time
it was replaced by the interface conductivity between water and grain system. The
cut-off frequency at different w/c for each curing condition and hydration time is
given in Table 4.1.
Table4.1 Cut-offfrequency at different w/c and curing conditions for 5 hrs and 20 hrs
of hydration time
Curing Cut-off Frequency (fc), Hz
f~i ^ _— J "j."
w/c
Conditions
















In other words, when the water fully filled the pore space, the conductivity
dispersion effect was to be relatively small. This reflects that bulk fluid volumetric
controlled the path of the electrical current. The dispersion curve reflected the water-
coating grain by which as conductivity dispersion increased (magnitude increase), the
interface ofwater-coating grain potentially controlled thecurrent path.
Based on the observation, the effect of temperature and pressure on the cement
samples at similar hydration time might change the cut-off frequency. This was
important since the value ofbulk conductivity depended on this frequency. The trend
indicates that as pressure and temperature increased, the cut-off frequency tended to
decrease. This also indicates that a half-circle curve was clearly shown in the Nyquist
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plot in elevated curing conditions compared to that of normal for the similarhydration
time.
These effects were also indicated in the form of magnitude of conductivity
dispersion (Figure 4.8). The magnitude increased as temperature and pressure
increased in the form of linear profile as function of hydration time. As expected, the
high magnitude of conductivity dispersion occurred at the lower w/c at maximum
curing temperature and pressure. So, the existence of interface conductivity
potentially took place in this condition.
As a result, it was suggested that conductivity dispersion was influenced by inter
connected pore and saturation degree. This dispersion occurred at the interface or at
the boundary between grain and pore fluid. The bigger pore radius caused smaller
conductivity dispersion.
Due to the potential existence of the interface conductivity from the previous
discussion, it was important to determine the magnitude of interface conductivity and
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Figure 4.7a-b Conductivity dispersion curve as an effect of different curing conditions
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Figure 4.7c-d Conductivity dispersion curve as an effect of different curing conditions
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Figure 4.7e-f Conductivity dispersion curve as an effect ofdifferent curing conditions
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Figure 4.8 Magnitude ofconductivity dispersion at water cement ratios of (a) 0.5, (b)
0.4 and (c) 0.3 asa function ofcuring temperature and pressure atdifferent hydration
time
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4.1.3 Interface Conductivity Properties
If excess conductivity occurs at the interface between solid-pore solutions, it will
contribute to both the higher ionic concentration of pore solution and the bulk
electrical conductivity. As such, to ensure that cement physical properties can be
reliably estimated using electrical attributes; there must be an evaluation on the
magnitude of interface conductivity and its influence on the bulk conductivity.
Further, the effect of water cement ratios and curing pressure and temperature on
interface conductivity profile was also considered in this study. Because of interface
conductivity was directly related to the microstructural parameters (surface to volume
ratio of the pores), a simple particle expansion model is proposed to simulate the
growth of cement particles and to calculate the development of its pore size as a
function of hydration time.
4.1.3.1 Simple ParticleExpansion Model
The basic concept of simple particle expansion model is by assuming that the cement
particle could be represented as aregular cubic lattice in the form of spherical particle
that had the equal radius and growth. The pore size here could be estimated to be a
diameter of the pores between the edge to edge distances as a function of degree of
hydration. As cement hydrated, the cement particles expand and its pore volume
contract as a function of time (Figure 4.9). By this, the degree of hydration, pore
volume fraction and the average particle size were the only information required. The
degree of hydration was calculated using Byfors correlation [28] (see Section 3.5)
while pore volume fraction was measured using MIP procedure started from 5 hrs to
24 hrs of hydration time. For porosity below 5hrs as afunction of time 0(t), it was
calculated using Power-Brownyard model [61] as a function of hydration rate and
water cement ratio with the following Equation (4.2).
(l +(13 •g(t)))
^ =1-(l+(pc.w/C)) <«>
where a(t) is hydration rate as a function of time, pc is cement powder density








Figure 4.9 Shematic diagram of cement particle expansion mechanism in acubic
lattice as a function of hydration time
The cement particle volume can be expressed as follow (Equation 4.3):
vc = -nrc-
(4.3)
where vc and rc are cement particle volume (urn3) and cement radius (urn),
respectively.
The volume of the expanded particle KeXp(t) (nm3) corresponded to the degree of
hydration atcertain time followed Equation (4.4) [20],
Vexp(t) = vc-a(t)-(v-1) (4.4)
where a(t) is degree of hydration, v is the ratio of the volume of the expanded particle
relative to that of the original cement value, v = 2.2 [61].
Due to the reaction products (v), the volume of the expanded particle was
dependent on the curing temperature. Its values then decreased as curing temperature
increased. Van Breugel [79] has derived amathematical expression below for v-factor
as a function ofcuring temperature as shown inEquation (4.5).
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v(T) = 2.2 exp[-28 •10"6 *T2] (4.5)
where Tis curingtemperature (°C).
The volume of the expanded particles with time Vexp(t) (pm3) as a function of
particles diameter, contains both the expanded particle at certain hydration time
dc-exp(t) ^d the initial particle diameter rc, is given below (Equation 4.6):
47T /, ,3 \
*W) =YKve-exp) ~ (rcy) (4.6)
Then, by using dc_exp(t) = 2 •rc_exp, the diameter of cement particle expansion
^c-exp (t) (nm) as a function of hydration time can be derived as follows (Equation
4.7):
^-eXpC, =2.[(^))+(rc)3]V3 (4.7)
Since the diameter of cement particle increased, its pore volume (porosity) might
be decreased. This analogue can be used to calculate the diameter of pore cement
reduction as a function of hydration time dp(t) (pm) with respect to the degree of
hydration as stated in Equation (4.8):
, $v(t)' dc-exp (t)
aV-red(C) T (4.8)
where (j>v^ and <pc^ are pore volume and cement particle volume within cement
system at specific hydration time.
Using these values (diameter of cement particle and diameter of pore cement) at
specific hydration time, the pore-solid interface area Ap^s (t) (pm2) and the pore
volume ofcement particle samples ofFp(t) (pm3) might be calculated. By assuming
the pore-solid interfaces remain covered by moisture, the surface area (Equation 4.9)
and pore volume (Equation 4.10)followed:
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Ap-s (t) - n '^c-exp(t) (4-9)
and,
Vp(t) =l-vdp-rea(t)3 (4-10)
where dc_exp(t) and dv.red^) are the diameter ofcement particle expansion and the
diameter of pore cement reduction as a function ofhydration time, respectively.
It is then found that the average particle size of Class G cement was 10 pm
ranging from 5 to 20 urn. Initially, using Equation 4.2, the cement grain occupied
about 44% of the total volume when mixed to water at w/c 0.4. The pore size diameter
would be around 12.7 urn as the pore volume consisted of about56%. Furthermore, it
is found that by applying equations 4.3 - 4.8, when hydration reached 5 hrs, the pore
size diameter became about 12.1 pm. At this time, the degree of hydration was 0.043
with pore volume of about 54%. Table 4.2a-c depicts some results of diameter particle
expansion and pore diameter reduction at different curing conditions and volume of
w/c.
Figure 4.10 shows the reduction of cement pore diameter as a function of time.
Here, the pore diameter decreased as w/c decreased for a similar hydration period.
The effects of temperature and pressure on pore diameter are straight forward by
which the pore diameter decreased as temperature and pressure increased due to the
acceleration of hydration rate. These results give a reasonably fair trend to the data
from MIP measurement using inflection point method (Figure 4.11). A steady rate
expansion in the model calculation was due to the simplified assumption used and
also directly due to the function of hydration rate which was considered only for
physical properties instead of both this and chemical reactions. However, it has
provided an indication of the possibility in using such a model for tracking the pore
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Figure 4.10 Pore diameter reduction of Class G cement calculated using the simple
particle expansion model at different temperature and pressure for (a) w/c 0.5, (b) w/c
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Figure 4.11 Comparison of measured andcalculated of pore diameter reduction of
Class G cement at different temperature andpressure for (a) w/c 0.5, (b) w/c 0.4, and
(c) w/c 0.3
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4.1.3.2 Interface Conductivity Calculation and Its Contribution on Bulk
Conductivity
For a given cement sample that had a mass (Wc) about 1 g, the volume of cement
sample (Vc) would be Vc = Wc/pc, where pc represents the density of the cement
(g/cm ). The number of cementparticles Nc in samplemass (Wc) afterward was found
by dividing the cement volume Vc by the volume of single particle vc.
As such, the total surface area (Equation 4.11) and total pore volume (Equation
4.12) of all particles are followed:
Ap-s(tot) - Nc "Ap~s(t) (4.11)
and
VV(tot) - Nc •Vp(p) (4tl2)
The total surface area Ap^tot^ and the total volume Vp(tot) °f me pores
calculated from a simpleparticle expansion model might represent the microstructure
parameter approximation 2/A « (Ap-s(tot)/Vp(tot))- By this information together
with the normalized conductivity, the interface conductivity (as) of cement samples
was calculated using Johnson model as stated in Equation (2.15).
Tables 4.3a-c present a report of the calculated interface conductivity at different
w/c and curing temperature and pressure. These values have included the effect of
geometry factor of the cement sample for whichthe result may come to be reasonably
comparable to the bulk conductivity. Based on the observation, the interface
conductivity increased along the hydration process, indicating that the more
volumetric water loses the more significant interface conduction took place. This also
corresponded to the decreasing of normalized conductivity; hence the term os * 2/A
was dependent on the moisture content as reflected by the expanded particle within
the hydration process. Hence, it could be assumed that the pore-solid interface areas
remained covered by moisture and the interface conductivity of pore-solid interface,
as a consequence, was not influenced by the microstructural properties of the material
as suggested by Revil et a/.[11]. However, water saturation contributed to the excess
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of charged ions in the EDL as reflected by an increasing of interface conductivity.
Degree of salinity concentration had a similar role as previously shown by Khairy
[16].
The contribution of interface conductivity (<rs) on the bulk conductivity (pb) was
achieved by dividing the size of as to the values of ab at each hydration time in the
percentage manner. From the results shown in Figure 4.12, it is found that the
contribution of interface conductivity on the bulk conductivity is relatively very small
of about factor -6 in order of magnitude. The contribution of interface conductivity, in
this case, seemed to increase as w/c decreased and hydration time proceeded. An
increase of the interface conductivity contribution was also found as curing
temperature and pressure increased, although its influence was not as much as w/c for
similar hydration period. The rule of elevated temperature and pressure accelerated
the hydration time of cement system and also might reduce the amount of water in
comparing to the normal curing condition. This then implies that the saturation of
water content within cement system had a significant contribution to the values of
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Figure 4.12 Contribution of interface conductivity on the bulk conductivity at (a)
different w/c at ambient condition, and (b) different curing temperature and pressure
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4.1.4 Summary
The conductivity dispersion characteristic was delivered in the form of magnitude of
conductivity dispersion. It was found that the water saturation played a significant
contribution to the conductivity dispersion characteristic during early hydration by
means of decreasing water saturation that affected the increasing of conductivity
dispersion. Curing temperature and pressure furthermore were appeared to provide a
gradual increase of conductivity dispersion that, in this case, was by accelerating the
hydration process. The smaller w/c tended to have interface conductivity as indicated
in the increases of magnitude of conductivity dispersion. However, in a 24 hrs
hydration process both w/c and curing temperature and pressure contributed to a
relatively small effect on the conductivitydispersion since the bulk fluid volumetric at
this period mainly controlled the path of the electrical current.
The magnitude of interface conductivity as a function of w/c and curing
temperature and pressure was calculated using Johnson equation. Some difficulties in
measuring microstructure parameter within Johnson equation were overcome by
applying a simple particle expansion model. It was observed that the value of
interface conductivity for 24 hrs of hydration was very small of about factor -9 in
orders of magnitude. It then increased along with the hydration process and curing
temperature and pressure, which indicated that the more volumetric water loses, the
more significant interface conduction takes place.
It was also found that the contribution of interface conductivity on the bulk
conductivity was relatively very small of about factor -6 in orders of magnitude. The
contribution of interface conductivity seemed to increase as w/c decreased and
hydration time proceeded. When the volumetric fluids dominated most of the pore
spaces, the electrical double layer vanished which was reflected in the smallest values
of interface conductivity during very early hydration period. This implies that the
saturation of water content within cement system has a significant contribution to the
values of interface conductivity and its contribution to the bulk conductivity.
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4.2 Electrical Conductivity Properties of Oilwell cement
The next subsection of this section is designed to discuss about the analysis of
parameters influencing the electrical conductivity ofoilwell cement. Here, the effect
of w/c, elevated pressure and temperature on electrical conductivity is discussed,
including the correctness of the direct effect of elevated temperature on conductivity
measurement. Some models for conductivity changes with time are evaluated to
correspond with theoilwell cement application as well.
4.2.1 Bulk and Pore Solution Conductivity
Aslight increase in bulk conductivity was observed at the beginning of hydration for
all water cement ratio (Figure 4.13). This, as observed, was caused by the dissolution
of ions of cement into the mixing water. However, as the hydration of cement
progressed, the bulk conductivity decreased due to a combination ofphysical effects;






Figure 4.13 Bulk and pore solution conductivity at ambient conditions as a function of
hydration time
In a similar period, an increasing trend was observed for pore solution
conductivity which was attributed to the effect of ions movement in domination of
Ca +, OH", Na+, K+, and S042" [57]. In the literature, the values [43, 80] vary between
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0.6 and 15 S/m, but thepore solution conductivity reported in this study was relatively
high, possibly due to the used of tap water instead of distilled water for cement
mixing. The former, on the other hand, was electrically more conductive due to the
existence of a number of additional active ions, such as CI", Cu2+ and F". In fact, the
pore solution conductivity value was difficult to obtain experimentally and by then it
can be predicted based on the concentrations of species ions variety in the pore
solution of the well cement as a function of time. Method of pore solution
conductivity calculation was givenin Appendix C.
Furthermore, the bulk conductivity profile may explain the hydration process.
This hydration process itself, as shown in Figure 4.14, could be divided into 5
differentperiods: pre-induction, induction, acceleration,deceleration, and diffusion.
In pre-induction period, after cement mixed with water, the ions of water alone
contributed significantly to the values of bulk conductivity. As hydration proceeded,
the ions in the cement dissolved into the water and formed an electrolytic solution.
These free mobile ions within cement [5], such as potassium (K+), sodium (Na+),
calcium (Ca+), hydroxyl (OH"), and sulfate (S042") served an increase in the electrical
conductivity of the solutionat about 1.5 hrs of hydration. From this point to about 3.5
hrs of hydration, there were no much changes in the electrical conductivity
(approximately only 0.08 S/m), indicating that the reaction was relatively inactive.
The reasons remained unclear on either the reaction controlled by nucleation and
growth phenomena or controlled by the formation of a protective layer around the
cement grains. This period was called dorman period.
Further, the acceleration period was marked by a decrease of electrical
conductivity, indicating a rapid change in microstructure properties. At this period,
the hydration reaction started to form the crystallization of solid calcium hydroxide
and the deposition of C-S-H gel in pores. The formation of C-S-H, due to reaction
dominated by C3S, resulted in a percolation of the cement matrix which led to form a
rigid structure. This period represented the setting time of cement hydration. After
setting to about 8 hrs, the conductivity reduced at a temporarily slow rate due to the
solid grains that became highly connected and the availability of water became lower
leading to deceleration of hydration. Above this point of about 17 hrs, the reaction
was mainly controlled by a diffusion mechanism. The very small decrease of
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conductivity described a slowdown in the chemical reaction rate due to ion-diffusion




Figure 4.14 Development ofelectrical conductivity as afunction ofhydration time at
different w/c
4.2.2 Temperature Correction
For cementing system, the effect of curing temperature on conductivity measurement
is doubles either contributing to the hydration acceleration or overestimating the
conductivity reading for the direct effect of temperature on conductivity
measurement. The latter effect might come out with an equivalent temperature
correction in order to have a physically representative meaning by means of the
microstructural changes.
The comparison between the conductivity curve obtained under constant
temperature and the curve obtained under varying temperature is given in Figure 4.15.
It can be seen that the conductivity fluctuates with varying temperature, showing the
temperature influence on the conductivity. The constant temperature was maintained
at 25°C. The varying temperature was ranging from 25 to 30°C and from 25 to 65°C





































































Figure 4.15 Comparison between the conductivitycurve obtained under constant
temperature and the curveobtained undervarying temperature for w/c 0.3 (solid lines
are conductivity valuesand dashed linesare temperature profile) for temperature
ranging from (a)25 to 30°C and (b)25 to 65°C
Figure 4.16 shows the comparison of the curve of conductivity vs. hydration time
with temperature influence corrected by Hammond [52] and Arps [51] equations and
the conductivity vs. hydration time curve measured in a constant temperature. For
simplicity, only the results of the specimen with w/c 0.3 are shown. The results seem
to appear nearly identical which, in turn, validates that bothequations are effective in
correcting the temperature influence on the conductivity of oilwell cement. However,
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both methods deviate slightly once varying temperature is increased as shown in
Figure 4.16 (b). The Hammond method locates just below the Arps method and,















































Figure 4.16 Comparison ofthe conductivity curves corrected by Hammond equation
and Arps equation and the conductivity tested with constant temperature for w/c 0.3
for temperature ranging from (a) 25 to 30°C and (b) 25 to65°C
The deviation can be described in the sensitivity analysis as can be seen in Figure
4.17. The sensitivity analysis was made by comparing the changing ofconductivities
(aT/<TT(reft) to that of temperature changing (T - Tref). The effect of temperature
change on the conductivity is obvious. The relationship between temperature and
conductivity calculated by the Hammond and Arps equations shows good agreement
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in a temperature range of ±25°C. Thesetwo methods showan obvious deviation in the
varying temperature larger that ±50°C from reference point of view. When the
temperature is much larger that the reference temperature, the Hammond method
shows a remarkable increase. The Arps method, comparatively, shows a linear
increase. It should be noted that when temperature is much smaller, even below 0°C,
the Hammond method moves very slightly. Comparatively, a linear increase still
occurs for Arps method. By that, it should be point out that when temperature is
below 0°C, the Arps equation will give the meaningless result. However, both
methods fit until the temperature reaching 25°C and above this value the methods
deviate accordingly.
Based on the results, however, compared with the Arps method, the Hammond
method is more convenient in temperature correction. Hence, the conductivity for all








Figure 4.17 Comparison of conductivity variation with temperature change calculated
by the Hammond and Arps equations.
Figure 4.18 presents the typical profile of the bulk conductivity at the elevated
temperature and pressure of w/c 0.5 (refer to Appendix D for details). Bulk
conductivity decreased as temperature and pressure increased mainly due to the
acceleration of hydration process - in particular within 10 hrs of hydration. In this
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period, pre-induction, induction and acceleration periods occurred with the free ions

















Figure 4.18 Conductivity profile after temperature correction at w/c 0.5
Due to these influence on hydration process, it indicates that different
conductivity responses may be generated at similar hydration periods for sample
cured at different curing temperature and pressure. Meanwhile, the effect ofelevated
pressure on electrical conductivity was less significant compared to that ofelevated
temperature as shown in Figure 4.19. For agiven 10 hrs ofhydration, the conductivity
from 14.7 to 3000 psi was shifted about 0.0375 S/m compared to that of about 0.1357
S/m for conductivity from 25 to 65°C. It was because the pressure has small
contribution for cement to accelerate hydration process. Appendix Egave the plot of


































Figure 4.19 Effect of(a) varying pressure and constant temperature and (b) varying
temperature and constant pressure on electrical conductivity measurement at oilwell
cement ofw/c 0.5
4.2.3 Effect ofWater Cement Ratios on Electrical Conductivity
The effect of water cement ratio tended to increase the values of bulk conductivity
linearly as shown Figure 4.20. Itwas suggested that the contribution ofwater cement
ratio on electrical conductivity rose simultaneously as hydration degree continued to
proceed. In the very early hydration of about 2 hrs, the conductivity values were less
affected at varying w/c. In fact, conductivity drops significantly during very early
hydration irrespective of water cement ratio. As hydration continues to proceed; the
contribution ofvarying w/c increases accordingly as can be seen inFigure 4.21.
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As can be seen in Figure 4.21, the conductivity profile as an effect ofw/c was the
other way around compared to the effect of different curing temperature and pressure
at which the former case the conductivity has greater difference at very early
hydration. This is true because during very early hydration the cement system is still
dominated by the pore solution and as a result the bulk conductivity readings were
less variation at different w/c. In contrast once elevated temperature and pressure
were imposed, the hydration was accelerated and pore solution consumed which bring
the conductivity to be varied at different pressure and temperature. Approximately
after 6hrs ofhydration the different in conductivity between the w/c 0.4 and 0.3 was
far greater that the difference in conductivity between the w/c 0.5 and 0.4 at elevated
pressure and temperature. The rate of decrease after 6 hrs of hydration at elevated
pressure and temperature decreases from w/c 0.5 to 0.4 to 0.3, and was virtually














































































Figure 4.21 Effect of different w/c on conductivity measurement at (a) 25°C &14.7
psi, (b) 40°C &1500 psi and (c) 65°C &3000 psi
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Since the electrical conductivity relates to water cement ratio content, the
electrical responses can'be used to determine the water cement ratio at fluid state until
hardened state. In this conduction, a normalized conductivity (discussed in section
4.2.4) with its dimensionless unit was plotted with water cement ratio as shown in
Figure 4.22. This relationship is given by the following form of equation, y = Ax ±
B, which was then might be used to calculate the water cement ratio at certain
hydration time for a given cement samples. The difference of the equations at
different hydration time was increased with time for varied water cement ratios. The
water cement ratio can be determined at very early hydration and it gives the right
perspective with accuracy and rapid evaluation, though they seem to be unique
according to the sample composition, curing period, and sample treatment.
Athydration time(t)= 2 hrs, R2 = 0.98
w
c
= 2.733crn(2) - 0.274
Athydration time (t)= 5 hrs, R2 = 0.97
w
~ = 3.736crn(5) + 0.073
c
Athydration time (t)= 8 hrs, R2 = 0.998
w
- = 6.316crn(8) +0.126
Athydration time (t)= 16 hrs, R2 = 0.986
w
-=10.26cTnCl6) +0.210
At hydration time (t) = 24 hrs,R2= 0.994
w
—= 13.64crnC24) +0.228
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Figure 4.22 Relationship between watercementratios and normalized conductivity at
early stages of hydration
4.2.4 Normalized Conductivity
Since the bulk conductivity (ab) decreases and pore solution conductivity (a0)
inversely increases with hydration time, it was deemed important to apply a
normalized conductivity for better describing a physical phenomenon within the
electrical responses. Normalized conductivity is defined as a comparison between
bulk conductivity and pore solution conductivity (cTb/(70) and is also often referred as




In reservoir rocks, the formation factor was related to the formation resistivity,
lithology and texture, pore solution resistivity, porosity, salinity, density, saturation,
cementation, cations-exchange capacity, and clay content. These properties may also
be relatedto the normalized conductivity in the cementsystem especially during early
hydration due to its rapid changed of hydration process.
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One of the important points to mention is that the normalization was required
when comparing fresh and saltwater slurries because the bulk conductivity of the
latter is two to three times higher than that of the former. The profile of the
normalized conductivity as a function of hydration at different w/c can be seen in
Figure 4.23 showing that cement with low w/c, as expected, exhibits the lowest
normalized conductivity owing to a faster hydration process which narrows the inter
connected pore for current pathway.
It also has a similar effect once exposed at the elevated curing temperature and
pressure at which the increasing temperature and pressure tended to decrease the
values of normalized conductivity (Figure 4.24). However, for a given temperature
and pressure, the contribution of w/c from 0.5 to 0.3 had more pronounce in term of
its discrepancies. For instance, the gap of normalized conductivity at normal condition
between w/c 0.3 and 0.5 is 0.03161, while the discrepancy between 25°C & 14.7 psi




























































Figure 4.23 Normalized conductivity versushydration time for differentwater cement
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Figure 4.24 Normalized conductivity versus hydration time at different temperature
and pressure for (a) w/c 0.5, (b) w/c 0.4, and (c) w/c 0.3
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4.2.5 Evaluation of Electrical Conductivity Model
For the purposes of applying conductivity models, the Class G cement was
approximated as two phase components; cements and pore solution conductivity at
which the latter was considered to be electrically conductive. A comparison was made
between an experimental measurement and models that described the material's
normalized conductivity based on the porosity information and microstructural
parameter for some models. Porosity values were generated from MIP measurements.
Results of normalized conductivity versus porosity at atmospheric conditions for
different w/c are shown in Figure 4.25a and the complete data of measured porosity
are presented in Table 4.4.
Most of models tended to excessively predict the normalized conductivity except
forArchie, Modified parallel and; Self-consistency model which were intersectional to
the experimental measurement at higher porosity of above 0.57. Parallel, Hashin-
Shtrikman upper-bound (HSut>), Maxwell and Differential Effective Medium (DEM)
model seemed to have a poor prediction result. The first two models did not consider
the contribution of microstructural parameter and only relied on porosity numbers.
Furthermore, HSUb model has been developed for the macroscopically isotropic
materials and was not directly applicable for a layered composites material. Although
DEM and Maxwell model includbd d parameter, but their use was not appropriate for
materials in whichthe inclusions formed large clusters as suggested by Torquato [39].
It was observed that onlyArchie's, modified parallel, and self consistency models
could provide a qualitative prediction of electrical conductivity behavior. In fact, as
the cement hydrated, the connectivity became narrower and more tortuous resulting in
a microstructural parameter change at age. Accounting for these changes, a fitting
procedure was performed on the models to the experimental measurements of
electrical conductivity both at atmospheric condition (Figure 4.26) and at elevated
temperature and pressure (Figure 4.27). It was expected that as hydration continued to
proceed; a monotonic increase or decrease of the liquid phase distribution parameters
(/?, m, or d)would be exhibited.
A similar appearance was also observed for Archie, modified parallel and self
consistency at elevated pressure and temperature, but a rapid change occurred in
porosity during the first 3 hrs as an effect of hydration acceleration (Figure 4.25b).
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This corresponded to the time of initial set where the cement changed from a fluid
suspension to a rigid solid. It was followed bya fairly smooth decrease ofnormalized
conductivity with decreasing porosity.
Among these equations only self consistency that was not able to physically
represent the microstructure distribution as it did not change consistently.
Furthermore, of the simple models, these were only Archie's and modified parallel
law that included avariable term describing the connectivity ofthe conducting phase.
In the meantime, only the cementation factor in Archies law had a physical
meaning and a theoretical foundation since it could be derived by applying a
continuum percolation theory to fractal porous media [81]. Glover [50] suggested the
following formulation to describe a very reasonable physical meaning for the
cementation factor.
d (dG\
where d/dx is the rate of change of the connectivity, dG is rate of change of
connectedness (normalized conductivity), and d<j> israte ofchange ofporosity.
The cementation factor (m) was supposed to increase along with hydration
process considering the pore structure that became rigid and tortuous. However, the
downturn ofmvalues starting atporosity ofabout 0.48 was suspected due to the used
of capillary porosity instead of total porosity which included the gel porosity. The
capillary porosity represents the volume of the capillary pores (> 0.03 um) and it
depends mainly on both cement-water ratio of the mix and the degree of hydration.
The gel porosity represents the gel pores (< 0.03 jam) [82]. As hydration progresses,
the amount and distribution ofporosity between capillary and gel pores will change.
Initially all the pores are capillary pores. As hydration precedes the capillary pore
volume is reduced because the capillary space becomes filled with hydration products,
and the gel porosity increases.
Results of other researchers, on the other hand, have shown that the downturn of
mvalues started at porosity ofabout 0.35 [4] and 0.25 [34] once total porosity were
applied. Capillary porosity might underestimate the total porosity especially at the
later stages ofhydration at which gel porosity has been developed. However, the use
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of total porosity might cause both capillary and gel porosity lumped together and,
thus, values of mwere measured ofthe characteristics of both scales of porosity.
In supporting the physicalmeaning with its changing of connectivity, porosityand
connectedness, the experimental results between normalized conductivity and
porosity, as shown in Figure 4.25, showed a correspondence to Archie's model in the
form of power law equation. The complete profiles of conductivity responses to
porosity for various composite models applied to Class G cement system at different
w/c and curing conditions are provided in Appendix F.
Table 4.4 Measured porosity of Class G cement at various w/c and curing conditions
Temperature Hydration Porosity Porosity Porosity
and Pressure time (hrs) (w/c = 0.5) (w/c = 0.4) (w/c = 0.3)
5 0.592 0.565 0.468
10 0.556 0.514 0.416
25°C& 14.7 psi
16 0.485 0.437 0.363
24 0.455 0.401 0.321
5 0.579 0.545 0.442
10 0.507 0.472 0.383
40°C& 1500psi
16 0.432 0.422 0.331
24 0.412 0.372 0.291
5 0.562 0.532 0.424
10 0.481 0.452 0.365
65°C & 3000 psi
16 0.412 0.383 0.322



























































Figure 4.25 Typical result ofnormalized conductivity versus porosity for class G
cement ofw/c 0.4 at (a) 25°C &14.7 psi and (b) 65°C &3000 psi showing














































Figure 4.26 Typical result ofmicrosructure parameters distribution from fitting
procedure between conductivity models and experimental measurements for Class G
cement of w/c 0.4 at atmospheric condition; (a) Archie's law and modified parallel,





















Figure 4.27 Typical result ofmicrosructure parameters distribution from fitting
procedure between conductivity models and experimental measurements for Class G




It is found that the contribution of water cement ratio from 0.5, 0.4 and 0.3 on
conductivity responses was bigger than that of curing temperature and pressure
between 25°C & 14.7 psi and 65°C & 3000 psi. A direct effect of elevated
temperature on electrical conductivity measurement was corrected using Hammond
method. The relationship of electrical conductivity and w/c followed a linear trend
and then prediction equation for w/c might be generated at specific hydration period
for cement before and after being hardened.
The relationship between normalized conductivity and porosity of Class G cement
under elevated conditions, furthermore, followed the power laws in the form of
Archie's law. Although the modified parallel model and self consistency model were
able to provide a qualitative prediction of electrical conductivity behavior, these
models might not physically represent the cement hydration phenomenon. The
cementation exponent in Archie's law was shown to reflect the changing in cement's
connected pores. This might be used to predict porosity of well cement in-situ with
electrical properties as the only one information needed. For the future study, it is
recommendedto evaluate these models for cement samples that contain additives.
4.3 Permeability and Strength Correlation to Electrical Properties
The applicability of some composite models on Class G cement has previously been
discussed. The model proposed byArchie's represented the measured dataobtained in
this study and indicated that the Archie's equation could be used to predict or to
monitor the values of porosity of well cement in-placed by means of its normalized
conductivity. However, for oilfield use, permeability and strength are more important
than porosity in term of wellbore durability. The strength is deemed important
because a certain minimum strength is required before drilling operation can be
resumed. Conversely, a poor controlling permeability may cause formation fluids,
either gas or water that migrate to the surface.
In this section, the electrical responses of cement system were used to develop a
set of correlations for permeability and strength prediction as a function of hydration
time. At this, the influence of water cement ratios and elevated temperature and
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pressure were taken into account. The contribution of some microstructure properties
such as porosity and pore diameter were discussed as well. The result finally was
compared to other cement samples and data from literatures for the validation of this
study.
4.3.1 Permeability and Electrical Properties Relationship
The measured permeability for all samples at some specific curing conditions was
presented in Table 4.5. It can be seen that permeability decreases as hydration
proceeds. Once the elevated curing temperature and pressure were applied, a rapid
decrease ofpermeability is observed by comparing it at normal condition for similar
hydration periods and water cement ratio. This is done due to the accelerated
hydration experienced by the cement mixture as temperature increases, and at the
same time the pore size is reduced due to the applied elevated pressure. However, the
elevated pressure may affect the change of hydration rate, but not altering the
hydration ofthe product. A similar trend ofpermeability reduction is also observed
when water to cement ratio decreases; this was because of the limited pore connection
generated in the mixtures with small w/c ratio.
The results of measured permeability data were found to be relatively comparable
to the outcome of typical Class Gcement during transition period with larger values
as generated in this study, that is about an order ofmagnitude compared to that ofin
literature [83]. This was possibly due to the effect of oven-drying treatment that
altered the pore structure of cement samples contributing to the increase of inter
connecting pores.
The comparisons of permeability to normalized conductivity of individual curing
sample in addition have provided areasonable agreement. Some typical results can be
seen in Figure 4.28. In this case, all samples followed power law model with the least
square error (R2) of approximately 0.952. Asimilar performance was also observed
for avariety of porous materials [39]. However, as the physical properties of cement
were changing over time, its conductivity responses in the form of normalization
might be used for monitoring any changes in permeability during cement hydration as
a function of time.
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5 0.06356 0.03474 0.01155
25°C & 14.7 10 0.02297 0.01074 0.0026
psi 16 0.0076 0.0022 0.00041
24 0.00314 0.00097 0.00018
5 0.0407 0.0251 0.00918
40°C&1500 10 0.0149 0.0071 0.00188
psi 16 0.0057 0.00143 0.00033
24 0.0028 0.0007 0.00007
5 0.02319 0.01494 0.0057
65°C & 30000 10 0.00693 0.00337 0.0013
psi 16 0.00154 0.00128 0.00009
24 0.00096 0.0002 0.00002
Since the aim was to generate a representative single correlation based on these
data, all the permeability data were then plotted on the same graph. The resulting plot
tended to be identical with the individual plot in the form ofpower law as presented in
Figure 4.29a. The least square error (R2) showed a number of about 0.909. The
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Figure 4.29 Relationship of (a) measured permeability and normalized conductivity,
and (b) measured permeability and pore diameter
It has been suggested that the microstructural parameter in the form of
characteristic length was sensitive to the permeability profile. The permeability
depended mainly on the connected pores and pore length scale at which the former
represented normalized conductivity, and the latter corresponded to characteristic
length. The length scale could be generated from Mercury Intrusion Porosimetry
(MIP) experiment that corresponded to the pore diameter at the inflection point on a
117
cumulative volume versus pressure diagram [63]. However, in this study the pore
length of cement sample was calculated using a simple particle expansion model
which is easy, fast and comparably accurate [84]. This model simulated cement as a
regular cubic lattice in the form of a spherical particle that had the same radius and
growth, and then the pore size was estimated to be adiameter of the pore between the
edge to edge distances (see Section 4.1.3.1). The resulting relationship between
normalized conductivity and pore length scale using regression analysis complied to
power law with the least square error (R2) of about 0.910 as can be seen in Figure
4.29b with the following correlation (Equation 4.16):
k = 2 * 10-7(c©2.326 (4.16)
4.3.2 Empirical Equation for Permeability Prediction
To have acomprehensive correlation for permeability prediction that represented the
pore diameter and normalized conductivity, amultiple non-linear regression analysis
was performed by nominating permeability as the independent variable, whilst
normalized conductivity and pore diameter as the dependent variable. Anon-linear
plot was shown in Figure 4.30 and the following Equation (4.17) was obtained after
theregression analysis:
k=^ °o/°z)11\dl)^ (4.17)
The natural log symbols for each axis in Figure 4.30 were meant to provide an
ease in calculating anon-linear form by taking the natural log of the data, performing
the multiple linear regressions on the logged data, and then transforming the resulting
equation into the non-linear form by taking the natural exponential of both sides. The
resulting Equation (4.17) is similar to that of proposed by Katz-Thompson equation





Figure 4.30 Relationship of measured permeability to normalized conductivity and
pore diameter square at elevated pressure and temperature
Different from the Katz-Thompson constant that was based on theoretical
considerations by assuming local cylindrical pore geometry, the constant values in
equation (4.17) were empirically generated to provide the best fit to the experimental
data. It was arguable that an oven-drying procedure would alter the pore structure [82]
and, therefore, its constant values in the Katz-Thompson equation did not reflect the
true value of critical pore diameter. Moreover, the constant values in the Katz-
Thompson equation were simulated based on the reservoir rocks at which it relatively
has rigid structures, while in the cement system, especially during early hydration, the
structures are changed simultaneously as a function of time. As such, its constant
values in the Katz-Thompson were less likely to be accurate for cement system.
An interesting result from this regression was that it had a better value of least
square error (R ) of about 0.973 compared to that of single dependent variable. A
similar appearance was also observed for other sample conditions with w/c 0.25 at
70°C & 3000 psi and w/c 0.55 at 70°C & 3000 psi. The plot between permeability to
normalized conductivity and pore diameter had a least square error (R ) of about
0.948, higher than those between permeability and normalized conductivity of about
0.894 and between permeability and pore diameter of about 0.874. This may indicate
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that apoor permeability result will be generated ifonly the contribution ofnormalized
conductivity isconsidered, and vice versa for pore diameter.
4.3.3 Comparison with Different Measured Data
A reasonably good comparison of permeability values between measured and
calculated data of new cement conditions with w/c 0.25 at 70°C &3000 psi and w/c
0.55 at 70°C &3000 psi was observed as shown in Figure 4.31. The proposed
equation (Equation 4.17) has less than 30% level of error which is better compared to









































0 5 10 15 20
Hydration time, hrs
Note: The R2 of(a) 0.995 and (b) 0.989
Figure 4.31 Comparison ofmeasured permeability to the one calculated from the
proposed equation and Katz-Thompson equation on new cement samples (a) w/c 055





Furthermore, although this equation was empirically generated within 24 hrs of
hydration period, its applicability can be extended to a longer hydration periods. To
confirm this, the measured permeability (k) data of neat cement from Nyame and
Illston [85] and impedance measurement (ab and a0) and pore diameter (dc) with
similar samples treatment from Christensen [64] were used. These data were obtained
within3, 7, 14 and 28 days of hydration time as presented in Table 4.6. Results of the
calculated permeability using the proposed Equation (4.17) and the Katz-Thompson
can be seen in Figure 4.32. A better agreement between experimental permeability
and Equation (4.17) was observed of about below factor 1 discrepancies compared to
that of Katz-Thompson equation. The level of error produced from Equation (4.17)
was relatively small of about less than 155% compared to that of the Katz-Thompson
equation that has more than 720% level of error. However, the generalapplicability of
this approach on cement at mature stages and cement that contained additives should
be further studied.
Table 4.6 Measured data of cement obtained from Nyame & Illston [85] and
Christensen [64]
w/c
Hydration ob (S/m) <*o (S/m) dc (pm) k (pm2)
time (days) [64] [64] [64] [85]












28 0.0902 4.16 0.078 7.15E-09






























Solid lines = Measured data from literatures
Dotted lines = New proposed equation prediction
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Figure 4.32 Comparison ofpermeability as a function ofhydration time with
permeability data obtained from Nyame and Illston [85] and normalized conductivity
and pore diameter data obtained from Christensen [64].
4.3.4 Comparison to the Johnson Equation
With the measured normalized conductivity and estimated length scale, Johnson
equation was then applied to calculate the permeability of cement system. The length
scale was calculated using a simple particle expansion model (see Section 4.1.3.1).
The values of Awas expected to change over time as cement sample was further
hydrated. Table 4.7 presents the values ofAas afunction ofhydration time and curing
condition.
Figure 4.33 in addition provides some results of the comparison among the
measured permeability, proposed Equation (4.17), and the calculated one using
Johnson equation. The agreement was good anyway; yet in most cases the calculated
values underestimated the measured ones by afactor less than one by which its value
seemed to increase as cement further hardened. The proposed equation provides better
values ofpredictive permeability compare to that of the Johnson equation. It was due
to the assumption used in the length scale calculation that cement particles were
treated as spherical grains. In fact, it was not always true and the discrepancies from
the measured data were then suspected due to the deviation from sphericity.
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Table 4.7 Calculated length scale of cement sample using simple particle expansion
model at various w/c and curing conditions
Curing
Time (hrs)
Length scale, A (pm)
conditions w/c 0.5 w/c 0.4 w/c 0.3
1 2.642 2.113 1.586
5 2.496 1.952 1.470
25°C& 14.7psi 10 2.190 1.652 1.189
16 1.935 1.418 0.931
24 1.741 1.250 0.783
1 2.640 2.111 1.582
5 2.41 1.839 1.340
40°C& 1500psi 10 1.998 1.482 1.021
16 1.672 1.236 0.819
24 1.514 1.055 0.638
1 2.629 2.101 1.573
5 2.326 1.795 1.253
65°C& 3000 psi 10 1.873 1.389 0.937
16 1.583 1.146 0.694
24 1.368 0.886 0.482
An interesting point to discuss was the selected constant number of 1/8 in the
Johnson model. This constant value was theoretically generated by Johnson et al. [55]
in a tube-like porous media. Another modeling study performed by Bernabe [86]
found that the constant numbers in Johnson's model (Equation 2.19) were varied
between 1/8 and 1/12, depending on the porous medium assumption, i.e., tubes,
cracks or mixes. It was observed that decreasing number of constant value to 1/12
resulted in a better comparison to the measured permeability data. The modified
version was also applicable for various w/c and curing temperature and pressure as
shown in Figure 4.34. The improvement of calculated permeability after constant
modification was not significant - only less than factor one. However, for samples at
lower temperature and pressure, the effect was beneficial that put the calculated and
measured permeability relatively closer. Furthermore, still, the proposed equation has




































Figure 4.33 Comparison of the Johnson's model and measured data for cement sample

























































Figure 4.34 Comparison of the Johnson's model, modified Johnson's model, proposed
equation, and measured data for cementsample with (a) w/c 0.5 at 25°C & 14.7psi,
(b) w/c 0.4 at 40°C & 1500psi, and (c) w/c 0.3 at 65°C & 3000 psi
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4.3.5 Comparison to the Katz-Thompson Equation
The typical comparison of Katz-Thompson equation and equation (4.17) can be seen
in Figure 4.35. For samples at later stages of above 10 hrs of hydration, it was
observed that the Katz-Thompson equation gave less accurate results compared to the
results given by the new proposed equation. This could be due to much more
complicated pore structure found in cement compared to that of porous rocks. In
addition, the pore space of cement was subject to change as an effect of curing
hydration conditions and oven-drying treatment. By that, these conditions might be
improved once it used the empirical constant values in equation (4.17) and, later on,
the better prediction ofpermeability in cement system can be obtained.
Figure 4.36 presents avery similar comparison between models proposed by
Johnson and Katz-Thompson (complete comparisons were presented in Appendix G).
This came to be interesting since the Katz-Thompson model was derived from very
different physics compared to that in Johnson model. From this finding, it may be
implied that value ofA«dc; in other words, Awas agood estimator of the pore
throat radius of aporous medium. Furthermore, avery similar result from these two
models could be explained due to the manner in which fluid that flowed through
individual pores at alocal scale passed from the viscous flow to the inertial one. This
phenomenon may be linked to the frequency behavior of hydraulic flow and
streaming potential caused by the viscous-inertial transition as described by Walker et
al.[87].
It is found out that the characteristic length of Johnson model, as can be seen in
Figure 4.37, was relatively less affected by curing temperature and pressure as well as
w/c. At this point, the contribution ofcuring temperature and pressure of65°C &3000
psi at 24 hrs on dc was about 2.4 um, while contribution on Awas only 0.4 um. A
similar contribution also occurred for w/c from 0.3 to 0.5 at 24 hrs by which
contribution on dc was about 5.2 um and on Awas only 0.87 pm. It was probably due
to Avalue was not physically observable length and relatively independent upon
curing conditions and w/c. By that, both length scales might not be very identical in










































































































































































































































—B- Katz-Thompson (25DC &14.7 psi)
--&- Katz-Thompson (65°C &3000 psi)
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Figure 4.37 Microstructural parameter development employed in the Katz-Thompson
and Johnson equation as a function ofhydration time with respect to (a) different
curing conditions and (b) water cement ratios
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4.3.6 Relationship between Compressive Strength and Electrical Properties
It has been shown in section 4.2.5 that Archie's law can be used for predicting
porosity of well cement by means of its electrical properties (further discussion will
be given in Section 4.3.6.2). Furthermore, porosity has astrong correlation to strength
by which the reverse side of the porosity decrease is growth of crystals and, thus
strength build-up. This study used both porosity-strength correlation and strength-
electrical properties relationship to produce predictive equations ofoilwell cement
4.3.6.1 Porosity-Strength Model Evaluation
To evaluate the porosity-strength relationship, it was performed by correlating both a
measured porosity to acompressive strength of oilwell cement at different curing
conditions and water to cement ratio. Data of measured strength using UCA device
are shown in Table 4.8 and detailed results in the graphical form are displayed in
Appendix H. The relationship shows that alinear function has been produced between
porosity and strength as shown in Figure 4.38. The result of linear equations follows

















• w/c = 0.5
lw/c = 0.4
»w/c = 0.3
y = -10316x + 6069







Figure 4.38 Experimental data on porosity-strength linear relationship for Class G
neat cement at different w/c ratios
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From Figure 4.38, it can be seen that the fitted linear curve has yielded the
equations S = S0 —b(p for which the values ofS0 and b for w/c 0.5, 0.4 and 0.3: S =
5899 - 9574(0) with an R2 value of 0.989, 5 = 6069 - 10316(0), with an R2
value of 0.985, and S = 6812 - 14192(0), with an R2 of 0.987. It is also noticed
that the value of empirical parameters for maximum strength, S0, was relatively
similar irrespective of w/c ratios and reflected an intrinsic property of the hydration
products. However, the maximum strength constant tended to increase as water
cement ratios increased. The values were in the range of 5899 to 6812 psi with an
average approximation is 6355 psi. It is mentioned that value in literature was about
5800 psi [57]. The difference might be due to the various cement samples used and
also sample curing conditions. The value of the empirical constant b was in the range
between 9574 and 14192, which increases as w/c ratios decreases. The values of
constant parameters can be seen in Table 4.9.












5 217 262 252
25°C&14.7 10 712 847 914
psi 16 1179 1366 1570
24 1572 1759 2086
5 371 487 551
40°C&1500 10 1040 1210 1366
psi 16 1703 1771 1997
24 2052 2280 2580
5 469 542 763
65°C & 3000 10 1246 1392 1582
psi 16 1841 2036 2341
24 2449 2740 3133
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Table 4.9 Constant parameters obtained from linear fitted ofHasselman equation
Water Maximum Empirical





The above constant parameters (Table 4.9) could be elaborated in the form of
equations as afunction ofw/c using alinear regression analysis in which the result of
the equations then might be used in determining the constant parameter for sample at
different watercement ratio as follows.
b=20597 - 230900%) (4.18)
S0 =8086 - 45650%) (4.19)
The porosity-strength relationship from these results was taken as a basis for
predicting the strength from measured normalized conductivity (<r„), at this point,
using the porosity-electrical conductivity relations. As aresult, having been measured,
the normalized conductivity on the Class Gcement by using the well known Archie's
law could be related to the porosity.
Figure 4.39a shows the shift of the data between strength and porosity observed as
afunction of w/c. It was moved to lower porosities for smaller w/c ratios. The initial
measurements of porosities at 5hrs for w/c ratios 0.5, 0.4, and 0.3 were 58%, 54%
and 44%, respectively. In turn, the lower initial porosity of the cement was
responsible for the shift of the data. These profiles then showed asimilar appearance
in cement with an additional admixture such as fly ash, silica fume and slag [8].
Another shift also existed on porosity and strength due to pressure and
temperature changes at w/c 0.4 (Figure 4.39b). For agiven hydration period, cement
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strength increased and porosity decreased as pressure and temperature increased.
However, porosity subsequently shifted due to the changes of pressure and
temperature was considered smaller compared to the effect of water to cement ratios.
This occurred since the initial water mixing dominantly contributed to form void
spaces and significantly appeared at the early stages of hydration. At mature stages,
the effect of elevated pressure and temperature were prevalent in controlling the

















































♦ Strength at w/c 0.5
• Strength at w/c 0.4
A Strength at w/c 0.3
X Porosity at w/c 0.5
X Porosity at w/c 0.4










♦ Strength at 25°C & 14.7 psi
>. • Strength at 40°C & 1500 psi
g 4 Strength at 65°C & 3000 psi
o
°" XPorosity at 25°C &14.7 psi
X Porosity at 45°C &1500 psi
® Porosity at 65°C &3000 psi
Figure 4.39 Shifted of the porosity and strength data as a function of (a) w/c and (b)
curing pressure and temperature as a function of hydration time for w/c 0.4
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4.3.6.2 Archie's Porosity Assessment
Archie's law has become astandard method for relating the conductivity of aclean
reservoir rock to its porosity. In this study, it has been shown that Archie's equation
can be used to estimate porosity of oilwell cement. The general form of Archie's law
can be stated as Equation (4.20) follows [10]:
a» =a^m (4.20)
where ab is the bulk conductivity, a0 is the pore solution conductivity, 0 is the
porosity and mis the cementation factor.
It was shown that Archie's law included a variable term describing the
connectivity of the conducting phase (cementation factor). Ewing and Hunt [81]
stated that Archie's law has atheoretical foundation as it can be derived by applying
continuum percolation theory to fractal porous media. Furthermore, a reasonable
physical phenomenon at the elevated temperature could be explained by Archie's
model by the cementation exponent profile (refer to Section 4.2.5).
Figure 4.40 shows the experimental results between normalized conductivity and
porosity corresponding to Archie's model in the form ofpower law. The cementation
factors in the equations were found to be varied referring to water cement ratio and
curing conditions. The larger it was, the more tortuous the network would be. As the
cement further hydrated, the connectivity became narrower and more tortuous as
indicated by the microstructural parameter change with age. Accounting for these
changes, a fitting procedure was performed on the models to the experimental
measurements ofelectrical conductivity.
The downturn of the mfactor was observed - especially at elevated curing
condition after cement was set. This was an artifact of the data approaching the
percolation limit. The limit number proposed by Bentz [88] was 0C =0.18 based on
























































































Figure 4.40 Typicalresult of normalized conductivity versus porosityfor neat ClassG
cement wit (a)w/c 0.5 at 25°C & 14.7 psi, (b) w/c 0.4 at 40°C & 1500 psi, and (c) w/c
0.3at65°C&3000psi
135
Rgure 4.41 presents the comparisons of measured and calculated porosity The
Archie's equation over predicted the porosity at the early ages for al! w/c The
relatively low over prediction occurred at the high w/c due to the chosen cementation
factor that might have caused this behavior. The phenomena of over prediction
seemed to appear due to the dominant effect of pore solution conductivity compared
to that of porosity. On the other hand, as hydration product started to form and an
opening pore dilute, the predictions seemed to agree well with the experimental
values at the iater ages. These values were used as an input for the strength estimation
applied inthe Hasselman model.
The relationship shows the indication of the linear least square of about 092 for
w/c 0.3, 0.9,5 for w/c 0.4 and 0.89 for w/c 0.5 about the achievement of the good
q-hty of estimated data. The rn values for each w/c were regressed and averaged to
Afferent curing conditions due to its effect on cementation factor to be relatively less
significant than that ofw/c. These values are stated as follow, rn for w/c 05-38w/c
0.4 -43, and w/c 0.3 - 5.8. Thus, it can be observed that when w/c increased,'the „
values decreased due to pore structure less tortuous in higher w/c.
However, for strength prediction the cementation factors used in the porosity
calculation were fitted from measured data at aspecific curing hydration time By
this, each curing condition, for certain w/c, hydration time, and temperature and
pressure, had its own „value. Concerning with these contributions, these values were
averaged as afunction of w/c. The fitting procedure might represent the mvalues
dunng hydration process at specific time duration for the different initial values As
presented mTable 4,0, the cementation fitting result and its averaging were at 4.7 for
w/c 0.5,4.6 for w/c 0.4 and 4.3 for w/c 0.3.
Different from the regression analysis, the rn fitted values seemed to increase as
w/c increased. This occurrence was because the cementation values during fitting
Procedure had taken into account the hydration periods at which certain numbers were
ower at the latter stages ofhydration -probably caused by the double effect, Firstly
the use of capillary porosity instead of total porosity may underestimate the „values'
as previously discussed and secondly, the elevated temperature may alter and damage
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Figure 4.41 Comparison of measured porosity andporosity predicted from Archie's
equation of (a) w/c 0.5, (b) w/c 0.4 and (c) w/c 0.3
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The cementation constant could be expressed in terms ofthe material parameter as
function of w/c using regression analysis. Equation relating w/c to the cementation
factor and following Power law with least square error (R2) ofabout 0.95 could be
described as follows (Equation 4.21).
m= 5.33^)0.177 (421)
Equation (4.21) provided a convenience way to estimate cementation factor as a
function ofw/c.


















5 4.1 4.3 3.6
25°C&14.7 10 5.3 5.3 4.6
psi 16 4.9 4.9 4.6
24 4.9 4.8 4.5














24 4.5 4.7 4.3
5 4.6 4.5 3.6
65°C & 3000 10 5 4.7 4.4
psi 16 4.5 4.4 4.5
24 4.4 4.3 4.4
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4.3.7 Empirical Equation for Strength Prediction
From the values of porosities predicted using Archie equation as described in the
previous sections 4.3.6.2, the strengths of Class G cement could be predicted using
Hasselman equation. The combination of these equations may produce the following
modified model (Equation 4.22):
S=S0-b(^) m (4.22)
\ff0/
where S is strength, S0 is strength at zero porosity, b is empirical constant, (jb is bulk
conductivity, o0 is pore solution conductivity, and m is cementation factor.
Figure 4.42 shows the predicted strengths and the measured ones of the oilwell
cement as a function of hydration time. The strength predicted using modified
Hasselman equation showed a good agreement between the experimental data and
predicted one with level of error below 30%. It was satisfactory for all water cement
ratio with coefficient ofdetermination (R2) for each w/c was 0.92 for 0.5, 0.95 for 0.4
and 0.90 for 0.3. The values of the constants and cementation factors used in the
Hasselman equation might be the reason for the slight discrepancy for each w/c ratios.
However, it may give the shortest way in estimating the strength development of well
cement by using its electrical properties data. Figure 4.43 shows the comparison of
experimentally measured strength and predictably strength using the modified
Hasselman equation for all samples. The least square error (R ) of about 0.89 here
indicates that a relatively good correlationhas been obtained.
Equation (4.22), subsequently, was applied for the strength prediction of cement
at different mixing and curing condition and samples with w/c 0.25 and w/c 0.55 were
conditioned at 70°C & 3000 psi. The measured strength and predictionusing equation
(4.22) are exhibited in Figure 4.44. The values of constant parameter (S0, b and m)
were calculated using equation (4.18, 4.19 and 4.21) with a result showing a good
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Figure 4.43 Comparison ofexperimentally measured strength and strength predicted
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Note: Prediction for both cement sample, average R2 = 0.971
Figure 4.44 Comparison ofmeasured and predicted strength using modified




Moreover, Equation (4.22) was also performed for these samples conditions with
hydration period up to 50 days. The result of measured and predicted strength was
given in Figure 4.45. It can be seen that with 1 day electrical conductivity
measurement, the error inestimating 50 days strength was less than 31% and the error
in estimating 15 days was less than 15%. The predicted strength above 15 days of
hydration time seems to under-estimate the measured value. It was suspected due to
the selection of constant cementation factor instead of changing simultaneously as an
effect ofhydration mechanism and curing condition. It can be said that the measured
resistivity data for 1day can be used to predict the strength development up to 15






♦ w/c 0.25 Measured
w/c 0.25 Predicted
A w/c 0.55 Measured
—w/c 0.55 Predicted
0 200 400 600 800 1000 1200 1400
Hydration time, hrs
Note: Prediction for both cement sample, average R2 = 0.963
Figure 4.45 Measured and predicted strength of Class Gcement sample at 70°C &
3000 psi up to 50days of hydration
4.3.8 Generalized Equation
A generalized equation may be generated to directly relate the normalized
conductivity to strength of oilwell cement. Figure 4.46 shows arelationship between
normalized conductivity and measured strength for Class Gcement. This relationship
corresponded to power law with least square error (R2) ofabout 0.831. The correlation
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seemed to be unique according to the sample composition and treatment. The
















Figure 4.46 Generalized relationships between strength and normalized conductivity
for Class G oilwell cement
A better prediction was achieved once the influence of w/c on strength prediction
was considered (Figure 4.47). The relatively good R2 athigher w/c indicated that the
resulted generalized equation seemed to be more effective for cement at high w/c,
probably be due to a very high value of solution conductivity at lower w/c. Hence, it
may sometime causethe over prediction of cementstrength.
However, Equation (4.23) has poor prediction results once it is tested on other
cement sample for w/c 0.55 and 0.25 at 70°C & 3000 psi as shown in Figure 4.48 with
the level of error was above 27% compared to that of below20% for Equation (4.22).
The predicted strength deviates accordingly with over predict for low w/c and under
predict for high w/c. This is due to the effect parametric bound that limits its
applicability once it is used outside the rangeof w/c 0.5, 0.4, and 0.3.
An interesting point to be noted here is that these curves (Figures 4.46 & 4.47)
may provide an indication of the strengths of the cement at certain interval number
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such as 500 psi for well that could be drilled-out when the electrical conductivity was
the only available parameter. Anormalized conductivity number ofabout 0.06 from
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Figure 4.47 Measured strength with normalized conductivity for Class Gcement
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Figure 4.48 Comparison of measured and calculated compressive strength of new
cement sample using generalized equation for (a) w/c 0.55 and (b) w/c 0.25 at 70°C &
3000 psi
4.3.9 Summary
Pore diameter and electrical properties in the form of normalized conductivity were
two important parameters in calculating permeability of cement sample. Once these
parameters were plotted, the resulted empirical formula followed the Katz-Thompson
equation with different constant values. The constant values here might reflect the
hydration process and alteration process of pore structure due to oven-drying
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intervention at about 80°C. Although this new equation was generated in periods up to
24 hrs of hydration, it could provide a better prediction of permeability until 28 days
of hydration time using literature data compared to that of the Katz-Thompson
equation. Furthermore, permeability prediction using Johnson's model seemed to have
a very similar result to that ofKatz-Thompson, although its characteristic length scale
was differently generated. The decreasing constant number of Johnson's model to 1/12
might result abetter comparison with the measured permeability data. Meanwhile, the
result from aconstant modification in Johnson's model had less accuracy compared to
the equation as proposed in this study. As such, this approach can be used to
simultaneously identify the potential leakage or migration of fluids once the cement
has been displaced in the wellbore.
A good correlation was observed between porosity and strength in the form of
power law. It was then used as a basis for strengths prediction using electrical
properties measurements. The porosity values for strength prediction were calculated
using Archie's equation based on its electrical properties. The employment of
electrical properties on Power law correlation resulted in the modified version of
Hasselman equation. The correlation between measured strength and strength
predicted using modified Hasselman equation was found to be satisfied. The
predictive equation was also applicable for the new cement sample conditions up to
50 days of hydration period. A generalized relation between effective electrical
conductivity and predicted strength was additionally established; though the use of
this relationship needed to be limited to a parametric range chosen in this study. A
normalized conductivity number of about 0.06 from the entire sample was obtained
representing cement strength of 500 psi. This, after all, provided an indication of the
strength of well cement in-situ when the electrical conductivity was the only
parameter to be measured. Hence, the wait-on-time of cement can be estimated to
assure theresumption of the drilling operation.
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CHAPTER 5
CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK
This chapter is to provide several general conclusions from the experimental
observations and its analysis in this research study. Several suggestions for the future
works are presented and also become the last part of this chapter.
5.1 Conclusions
• The variation of cut-off frequency with hydration time reflects that single
frequency measurement comes to be not applicable to obtain representative
data of electrical conductivity.
• Elevated curing temperature and pressure are found to be able to increase the
conductivity dispersion. In turn together with low w/c can increase the
magnitude of conductivity dispersion which contributes to form interface
conductivity.
• The proposed simpleparticle expansion model has overcome somedifficulties
in measuring microstructure parameters related to the interface conductivity
phenomena. The value of the interface conductivity is relatively very small of
about factor -9 in order of magnitude.
• The cementation exponent in Archie's law shows a reflection to the changing
in cement's connected pores. This may be used to predict porosity of well
cementin-place with electrical properties that are the only information needed.
• The proposed permeability predictive equation has followed the Katz-
Thompson equation with different constant values. Then, a good comparison
has been obtained using the proposed correlation between the predicted and
measured permeability compared to that of the Katz-Thompson equation.
• Permeability prediction using Johnson's model seems to have a very similar
result to that ofKatz-Thompson, although its characteristic length scale has
been differently generated. Decreasing constant number of Johnson's model
may result in abetter comparison with the measured permeability data.
• Power law correlation has been observed between porosity and strength
corresponding to the Hasselman model. Once the porosity values have been
obtained using Archie equation, the correlation then produces a modified
version of Hasselman equation. The comparison to measured data is found to
be satisfied.
• A normalized conductivity number of about 0.06 has been obtained from
generalized strength-conductivity correlation representing cement strength of
500 psi. It provides an indication ofthe strength ofwell cement in-place when
the electrical conductivity becomes the only parameter to be measured.
5.2 Future Work
Several potential studies for furthers investigation are identified as follows:
1. This research has shown the usefulness of electrical properties on
characterizing the strength and permeability of well cement. It is then
suggested that studies infuture be carried out on the freezing condition below
0°C with a broader frequency range since the oilfield reservoir is also found in
that conditions.
2. Permeability and strength predictions have been successfully shown in this
study. However, further studies need to be conducted for cement that contains
additives with ultra high temperature and pressure.
3. Further study is also needed for strength and permeability predictions of
oilwell cement with the presence ofinterface conductivity.
4. Using X-ray analysis to investigate the physical justification of the constant
values in the proposed predictive equations.
5. Applying the permeability and strength predictive equations to the foam
cement and green cement.
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APPENDIX A
DEGREE OF HYDRATION CALCULATION
Appendix A provides calculations of degree of hydration using Byfors equation [28]
(Equation 2.1) that related to the amount of strength achieved to that of the total
(maximum) strength at completed hydration. The maximum strength was obtained by
assuming that a complete hydration occurred at zero porosity. Figures A.l to A.4
present the calculated degree of hydration at different curing conditions and at
different water cement ratios (w/c). The results show that the calculated degree of
hydration increases as a function of hydration time.
The effect of w/c on the degree of hydration during 24 hrs of hydration for all
curing conditions is almost similar by which the values at w/c 0.3 is slightly higher
than that of w/c 0.4 and the value at w/c 0.4 is slightly higher than that of w/c 0.5. A
relatively similar value of degree of hydration during early of hydration is due to the
availability of pore water that makes cement further hydrated and, furthermore, initial
hydrate network is permeable enough to ensure free flow of water to the unreacted
cement particles. However, experimental results have shown that a higher water
cement ratio leads to a higher hydration rate after the middle period of hydration of
about above 48 hrs of hydration [88].
On the other hand, the effect of elevated temperature on the degree of hydration is
clear at which it increases as temperatures increases. In this case, the increasing is due
to two factors, first, the degree of hydration increases with the increase in
temperature. Second, the density of hydration products at higher temperature is
higher, which slows down the permeation of free water through the hydration
products [88]. Meanwhile, elevated pressure increases the degree of hydration of
oilwell cement, but has only a negligible effect on the pore structure of hydration
products when different cement pastes at similar degrees of hydration are compared.
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The finding of is important since it implies that the density of the hydration products
is not considerably affected by the applied hydrostatic pressure, at least not up to 1000





























Figure A.l Degreeof hydration calculation of oilwellcementat 25°C & 14.7psi for






















Figure A.2 Degree ofhydration calculation ofoilwell cement at40°C & 1500 psi for






















£ 0.3 - ^r
0 ^r
en jf









Figure A.3 Degree of hydration calculation of oilwell cement at 65°C & 3000 psi for
w/c at (a) 0.5, (b) 0.4 and (c) 0.3
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Figure A.4 Degree ofhydration calculation ofoilwell cement at 70°C &3000 psi for
w/c at (a) 0.25 and (b) 0.55
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APPENDIX B
PLOT OF REAL AND IMAGINARY RESISTIVITY
(NYQUIST PLOT)
This appendix presents the results of the Nyquist plot consisting real and imaginary
resistivity. The plot found that a two-arc behavior was continually formed especially
at the later stages of hydration, indicating the formation of solid hydration products
and reduction of pore-filled solution. These arcs are formed due to the different time
constants (resistance-capacitance products) in the material as an effect of the different
types of electrical polarization due to the electrical excitation. The high frequency arc
(small arc) is due to the bulk processes and the low frequency (large arc) is due to the
electrode interface effect. In a high frequency region, one particular concern refers to
a point at which imaginary impedance has the lowest or approximately zeros value.
This point is called the bulk impedance with the frequency named cutoff frequency.
The bulk impedance here is dependent on hydration period, water cement ratios and
curing conditions.
As can be seen from Figures B.l to B.4, the bulk resistivity (located at the
smallest value of imaginary resistivity) is changing as a function of hydration time. It
tends to increase with increasing hydration time. High w/c has lower values of bulk
resistivity compared to the small w/c at similar hydration time. This phenomenon
occurred due to at higher w/c the pore solution contributes more for conduction
process which makes small values of resistivity. Effect of elevated temperatures and
pressures on the bulkresistivity is dominant by increasing its values especially at the






















Figure B.l Plot ofreal and imaginary resistivity at 25°C &14.7 psi for w/c at (a) 0.3,











n o o <z























































































































































Figure B.3 Plot ofreal and imaginary resistivity at 65°C &3000 psi for w/c at (a) 0.3.
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METHOD FOR PORE SOLUTION CONDUCTIVITY PREDICTION
Electrical properties commonly consist of bulk and pore solution conductivities. The
latter is experimentally difficult to obtain especially at the latter stages ofhydration. It
is necessary to squeeze with high pressure for solution to be released from the cement
system. Both of these conductivities will produce normalized conductivity.
Alternative method for determining pore solution conductivity is by predicting its
values based on the concentrations of species ions variety in the pore solution of the
well cement as afunction of time. In general well cement system, the pore solution is
mainly composed on Na+ and K+. The concentration of these values can be predicted
using numerical cement hydration model that was developed at the National Institute
of Standards and Technology (NIST) named Virtual Cement and Concrete Testing
Laboratory (VCCTL) and is described in detail by Bentz [89].
The followings are the requirements for pore solution to be analyzed which are
the water cement ratio and the content ofNa20 and K20 in the cement powder. These
are input parameters for VCCTL model to estimate the concentration of the three
major components (Na+, OH" and K+). The calculation of these parameters is made as
a function of hydration time. Given the concentration values, the pore solution
conductivity can be calculated using the equation below:
where a0 is pore solution conductivity (S/m), eis electron charge (1.61 x10"19 C), nt
is density number of ions component i (in3) (usually taken in the molar concentration
and normalized using Avogadro constant), and ft is mobility of ions component i
(m2/V-s).
Table C.l lists the most ions that are responsible for the charge transport through
the cement's pore solution. Table C.2 presents the calculated molar concentration of
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Class G oilwell cement using VCCTL model up to 24 hrs of hydration. Table C.2
gives the calculated molar concentration of standard OPC cement up to 400 hrs of
hydration.
A comparison of measured pore solution conductivity and those predicted using
the above equation is shown inFigures C.l for sample tested up to24 hrs ofhydration
and C.2 for sample up to 400 hrs ofhydration. For cement hydration up to 400 hrs, the
measured data is taken form literature [4]. It can be seen that a good agreement
between experimental observations and model predictions is observed for ages up to
24 hrs and to 400 hrs. In Figure C.2, the deviation between model and experiment for
cement at later stages (above 24 hrs) is likely due to the neglect of other mobile ions,
and reducing the saturation of the specimen and hence significantly increasing the
ionic concentrations.
Table C.l Major ionsmobility in the pore solution of cement paste








Table C.2 Calculated pore water concentration of Class Gcement at w/c 0.4 usinj
VCCTL model
Time Calculated (mol/m3)
(hrs) Na+ K+ OH
2 31 153 176
4 43 177 255
8 68 194 326
15 82 215 403
24 93 287 479
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Table C.3 Calculated pore water concentration of OPC cement at w/c 0.35 usim
VCCTL model (cement datataken from [4])
Time Calculated (mol/m3)
(hrs) Na+ K+ OH
1 25 140 160
6 37 174 250
20 55 219 378
80 68 236 488
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Figure C.l Pore solution conductivity ofClass G cement at w/c 0.4 upto 24hrs of
hydration as obtained by experiment andby prediction basedon the alkali content of

































Figure C.2 Pore solution conductivity of OPC cement at w/c 0.35 up to 400 hrs of
hydration as experimentally obtained by Christensen [49] and by prediction based on
the alkali contentof the cementpowder(VCCTL model).
173
APPENDIX D
PLOT OF BULK CONDUCTIVITY AT DIFFERENT W/C
AND CURING CONDITIONS
Appendix Ddetails the results of bulk conductivity measurement as a function of
hydration time at different curing conditions and water cement ratios. From Figures
D.l to D.4, as expected, aslight increase of bulk conductivity is observed up to about
3hrs ofhydration due to dissolution process ofcement ions into mixing water. It then
decreases accordingly as cement system proceeds to hardened. The values of bulk
conductivity depend on w/c and elevated pressure and temperature. Bulk conductivity
decreased as temperature and pressure increased mainly due to the acceleration of
hydration process. By that, the connected pore networks start to quickly diminish that
barriers the conduction process through the pore solution. Similar to that, high w/c
contributes to the increase ofbulk conductivity especially at later stages during 24 hrs
of hydration.
Due to these influence on bulk conductivity, it suggests that different conductivity
responses may be generated at similar hydration periods for sample cured at different
w/c and curing temperature and pressure. So, it is important to take into account the
effect of these parameters in obtaining representative electrical conductivity data
























































Figure D.l Plot of bulk conductivity as a function of hydrationtime of w/c 0.5 at (a)
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Figure D.3 Plot of bulk conductivity as a function of hydration time of w/c 0.3 at (a)
















Figure D.4 Plot ofbulk conductivity as a function ofhydration time at 70°C &3000
psi for (a) w/c 0.25, and (b) w/c 0.55
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APPENDIX E
PLOT OF INDIVIDUAL CONTRIBUTION OF ELEVATED PRESSURE
AND TEMPERATURE ON BULK CONDUCTIVITY
MEASUREMENT
Appendix E provides the plot of bulk conductivity measurement with constant
pressure and varying temperature, and constant temperature and varying pressure. It
can be seen from Figures E.l to E.6 that the contribution of varying temperature on
bulk conductivity values at each hydration time is dominant compared to that of
varying pressure. In another sentence, the effect of elevated pressure on electrical
conductivity was less significant compared to that of elevated temperature.
For a given 10 hrs of hydration of w/c 0.5, the bulk conductivity from 14.7 to
3000 psi is shifted about 0.0375 S/m compared to that of about 0.1357 S/m for
conductivity from 25 to 65°C. For w/c 0.4, the shift of bulk conductivity is about
0.059 S/m from 25 to 65°C at 10 hrs of hydration compared to that of about 0.0064
S/m from 14.7 to 3000 psi. Similar appearance also exhibits for w/c 0.3 at which the
shift is about 0.061 S/m from 25 to 65°C and about 0.0116 S/m from 14.7 to 3000 psi.
These occurrences are due to the pressure has small contribution for cement to
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Figure E.l Effect ofvarying pressure and constant temperature on bulk conductivity
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Figure E.2 Effect of varying temperature and constant pressure on bulk conductivity



































Figure E.3 Effect ofvarying pressure and constant temperature on bulk conductivity
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Figure E.4Effectof varying temperature andconstant pressure on bulkconductivity



































Figure E.5 Effect ofvarying pressure and constant temperature on bulk conductivity
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Figure E.6 Effect of varying temperature andconstant pressure on bulkconductivity




PLOT OF CONDUCTIVITY MODELS AT DIFFERENT W/C AND
CURING CONDITIONS
Appendix F presents the plots between normalized conductivity and porosity at
different curing conditions and w/c. The measure porosity and normalized
conductivity data is then compared to some of conductivity models for composite
materials. The porosity increases with normalized conductivity as shown in Figures
F.l to F.3. The profiles of conductivity models to the measured data are relatively
similar at different w/c and curing conditions. The values of porosity and normalized
conductivity are slightly lowerat small w/c andelevated temperature andpressure.
According to Figures F.l to F.3, most of the conductivity models tend to
excessively predict the normalized conductivity especially for parallel, Maxwell,
differential effective medium, and Hashin-Shtrikman models which are seemed to
have a poor prediction result. The first two models did not consider the contribution
of microstructural parameter and only relied on porosity numbers. Furthermore, HSUb
model has been developed for the macroscopically isotropic materials and was not
directly applicable for a layered composites material Although DEM and Maxwell
model included d parameter, but their use was not appropriate for materials in which
the inclusions formed large clustersas suggested by Torquato [39].
Among the models, Archie, modified parallel and self-consistency model give an
intersectional profile to the experimental measurement at higher porosity. These
models provide a qualitative prediction of electrical conductivity behavior.
Furthermore, the microstructural parameters of each model should representing the




















































































































































































Figure F.2 Plot ofconductivity models to experimental data ofClass Goilwell cement






































































































PLOT OF MEASURED PERMEABILITY, KATZ-THOMPSON MODEL,
JOHNSON MODEL AND PROPOSED EQUATION
This appendix provides a comparison ofmeasured permeability to that of the Katz-
Thompson, Johnson and proposed equations (Equation 4.17). These plots are set as a
function ofw/c and curing temperature and pressure. As expected, the permeability
decreases with hydration time proceed. It can be seen from Figures G.l to G.3 that the
proposed equation has better values closed to the measured data compared with other
models. The average level oferrors for the proposed equation is about less than 30%,
while for the Katz-Thompson and Johnson models are about more that 110% and
80%, respectively.
In these Figures, the effect ofelevated temperature and pressure on permeability
is pronounce by which it decreases the permeability values. Decreasing values of
permeability is also occurred at small w/c. These factors affecting the acceleration of















































Figure G.l Plot ofmeasured permeability, Katz-Thompson model, Johnson model
and proposed equation ofoilwell cement atw/c 0.5 for (a) 25°C &14.7 psi, (b) 40°C




















































Figure G.2 Plot of measured permeability, Katz-Thompson model, Johnson model
and proposedequationof oilwell cementat w/c 0.4 for (a) 25°C & 14.7psi, (b) 40°C








































Figure G.3 Plot ofmeasured permeability, Katz-Thompson model, Johnson model
and proposed equation ofoilwell cement atw/c 0.3 for (a) 25°C & 14.7 psi, (b) 40°C
& 1500 psi and (c)65°C & 3000 psi
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APPENDIX H
PLOT OF ULTRASONIC CEMENT ANALYZER FOR CLASS G
OILWELL CEMENT AT DIFFERENT W/C AND CURING CONDITIONS
Figures H.l to H.13 present the measurement results of compressive strength
measurement of oilwell cement using Ultrasonic Cement Analyzer (UCA) as a
function of hydration time with respect to different w/c and curing conditions.
Compressive strength increases as w/c decrease, and temperature and pressure
increase.
For w/c 0.5, the increasing strengthat 24 hrs of hydration from 25°C and 14.7psi
to 65°C and 3000 psi is about 1000 psi. Comparing to an increasing strength of about
500 psi is observed at 24 hrs of hydration from w/c 0.5 to 0.3 at ambient condition.
This implied that elevated temperature and pressure effectively increase the strength
of oilwell cement compared to that of decreasing w/c at similar hydration period.
Figures H.12 and H.13 show that the strength development after 50 hrs of
hydration is slightly increased with w/c 0.25 has higher strength value compared to

















































Figure H.2 Measured compressive strength ofw/c 0.5 at40°C & 1500 psi
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Figure H.3 Measuredcompressive strength of w/c 0.5 at 65°C & 3000 psi






















Figure H.4 Measured compressive strength of w/c 0.4 at 25°C & 14.7psi
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Figure H.6 Measured compressive strength ofw/c 0.4 at 65°C &3000 psi
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Figure H.9 Measured compressivestrength of w/c 0.3 at 65°C & 3000 psi
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Figure H.13 Measured compressive strength ofw/c 0.25 at 70°C & 3000 psiup to
1200 hrs of hydration time
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